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GENERAL INTRODUCTION 


American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the Ameri- 
can Chemical Society was to undertake the production and publication 
of Scientific and Technologic Monographs on chemical subjects. At the 
same time it was .agreed that the National Research Council, in coopera- 
tion with the American Chemical Society and the American Physical 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American Chemical 
Society and the National Research Council mutually agreed to care for 
these two fields of chemical development. The American Chemical 
Society named as Trustees, to make the necessary arrangements for the 
publication of the monographs, Charles L. Parsons, Secretary of the 
American Chemical Society, Washington, D. C.; John E. Teeple, Treas- 
urer of the American Chemical Society, New York City; and Professor 
Gellert Alleman of Swarthmore College. The Trustees have arranged 
for the publication of the American Chemical Society series of (a) 
Scientific and (b) Technologic Monographs by the Chemical Catalog 
Company of New York City. 

The Council, acting through the Committee on National Policy of 
the American Chemical Society, appointed the editors, named at the close 
of this introduction, to have charge of securing authors, and of consider- 
ing: critically the manuscripts prepared. The editors of each series will 
endeavor to select topics which are of current interest and authors who 
are recognised as authorities in their respective fields. The list of mono- 
graphs thus far secured appears in the publisher's own announcement 
elsewhere in this volume. 

The development of knowledge in all branches of science, and espe- 
cially in chemistry, has been so rapid during the last fifty years and 
the fields covered by this development have been so varied that it is 
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PREFACE 


Although several accounts of the quantum theory of spectra from 
the mathematical standpoint have appeared in the past year, the experi- 
mental aspect of the problem has been greatly subordinated. 

In this book the authors have endeavored to present the subject 
from the experimental side. However, in order to do this, it was found 
necessary to briefly discuss the theoretical developments. In this 
regard, the important assumptions involved are enumerated, and only 
the essential steps in the mathematical analysis are presented. The 
reader will find the detailed mathematical treatment in the papers 
given as references, especially in the works of Bohr and Sommerfeld. 

The experimental phase of the quantum hypothesis as applied to 
spectroscopy was given its first impetus by the pioneer work of J. 
Franck whose later important researches have contributed much to 
the development of the subject. The theoretical deductions of Sommer- 
feld on fine structure have been beautifully verified by the precision 
spectroscopic work of Paschen. The most recent contributions of Bohr 
on atomic structure have removed many of the objections of the chemist 
to the physicist’s conception of a planetary structure with revolving 
electrons. At the same time Bohr’s viewpoint has necessitated the re- 
vision of some of the conceptions of the physicist. 

The subject matter is recognizedly in a transitional stage and the 
theoretical interpretation of experimental phenomena here given is in 
no sense complete or final. However, the experimental facts will remain 
and no time is more opportune for their systematic correlation than the 
present moment. 

This book is incomplete in many respects. For example, consider- 
ation of the extensive experiments on the Stark and Zeeman effects and 
on band spectra has been omitted, in part because their adequate treat- 
ment seemed to require more space than was deemed advisable to devote 
to these subjects, and in part because of the authors’ inexperience in these 
fields of spectroscopy. 
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The title of the book was suggested by a U'cture of Prof. MdiOn- 
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reading the manuscript, and have olTi'red many suggestions which have 
been incorporated in the text. 

The authoi-s wish to express their appreciat ion of the interest with 
which the late Dr. C. W. Waidner, fornu'r ('hief of the Heat Division 
of this Bureau, followed the coui'se of their work nut il wit bin a few days 
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Chapter I 

The Quantum Theory of Spectroscopy 

The quantum theory of spectra has been concerued mainly with the 
Rutherford type of atom. This consists of a positive nuclear charge 
Ze, where Z is the atomic number, surrounded by Z electrons. Practi- 
cally the entire mass of the atom is concentrated in the positive core, the 
size of which, however, is much smaller than that of an electron.^ The 
electrons are usually considered as revolving about the nucleus in 
coplanar orbits. Actually there is evidence that the orbits are not 
coplanar and models have been proposed in which the electrons do not 
revolve about the nucleus, but with the exception of helium little progress 
from the quantitative, spectroscopic and mathematical standpoints has 
been made with such types of atom. 

Even if we really understood the precise structure of a heavy atom, 
the mathematical analysis of the orbits would be hopeless — a problem 
of n bodies where n is large. Hence the exact interpretation of spec- 
troscopic phenomena is a problem for the far-distant future. For the 
present bold simplifying assumptions must needs l)e made for the purpose 
of obtaining results. Postulates are proposed, the only apparent 
justification of which lies in the applicability of the conclusions to ex- 
perimental facts. When necessary, the fundamental princ!ii)les of 
classical dynamics are temporarily abandoned and apparently illogieally 
accepted for later steps in the analysis of the problem- In spite of such 
inconsistency the quantum theory of spectra is the only satisfactory 
attempt so far made toward interpreting spectral series and, already, 
by predictions from theory, has led to experimental verifications of 
the greatest moment. This is the goal of any theory; not necessarily 
to explain nature but to aid in a systematic search for new phenomena. 

1 The mass is of electromagnetic nature. As appears later, the ratio of the mass of the 
hydrogen nucleus to that of a slow-moving electron is about 184-6. Since the dianiotcr of a 
spherical charge is inversely proportional to its mass, the hydrogen nucleuB should have 
1/1846 the diameter of an electron. The best guess is probably l()““^fi cm for the diameter 
of this nucleus, but any estimate involves questionable conjectures. 

15 
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ORIGIN OF SPECTRA 


The Simple Theory op HrDROGEisr and Ionized Helium 
We shall first consider simple atoms containing the nucleus g 
single electron. Such an atom is hydrogen, ionized helium, or d( 
ionized lithium. Merely by way of introduction we shall postulate 
the electron of charge —e for hydrogen revolves in a circular 
about the nucleus of charge +e. Since the mass of the electron is i 
compared to that of the nucleus, we may readily derive from si 
mechanics the total energy W of the revolving electron (the sum o 
kinetic and potential energies). 

il 1 

2a ’ a 


TF== 


niv^ 


e- 


where a is the radius of the circular orbit, m the mass of the electroi 
V its linear velocity. 

So far as ordinary mechanics is concerned a may have any 
whatever, depending upon ^‘initial conditions ”. Bohr,^ however, p 
lates that only certain definite sizes of orbits are permissible static 
states, so determined that 

2 TT X angular momentum = nh, 

where h is Planck^s universal constant of action and n may as 
integral values only. Whence: 

2 irmav = nh. 

Substituting this in the relation maV == — e^l2W obtained fror 
we find for Wn the total energy of the electron in the tith orbit : 


Wn = 


2 T^me^ 

71^ 




In order for this to be a stationary state, no energy can be radi 
On the basis of classical dynamics, however, an accelerated ele^ 
emits radiation and hence the electron should spiral in towarc 
nucleus instead of remaining in the nth orbit. We accordingly pos 
that on the basis of the quantum theory the nth orbit is a static 
state and that no energy is radiated so long as the electron remai 
this orbit. If, however, it should jump to the n'th orbit Bohr ft 
postulates that radiation is suddenly emitted of such frequency j 

Wn - Wn> = 

The quantity hv is known as a quantum of energy of frequen 
Hence in any interorbital transition a single quantum of radiati 

* See general reference 1 at end of chapter. 
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emitted (n > n') or absorbed (n < n'), the magnitude of which (ex- 
pressed in ergs for example) is equivalent to the difference in total ener- 
gies of the electron in the two orbits concerned. This fact is simply an 
application of the principle of the conservation of energy. Substituting 
the values of W from Equation (3) in the above, we obtain: 


■■ — ^ rj[ __ 1 1 
^ Lyi'- 71^1 


(5) 


In general it is desirable to express our values in terms of wave 
number v, i.e, the reciprocal of the wave-length in cm in vacuo. Whence, 
since v -vjc where c is the velocity of light: 



in which 


2 


The subscript oo is sometimes added to call attention to the fact 
that we have assumed the mass of the electron as negligible compared to 
that of the core. Formula (6) gives to a high degree of precision all the 
series lines of the hydrogen atom. With n' = 1, n = 2, 3, etc., we have 
the Lyman ultra-violet series; with 7V = 2, 3, 4, etc., the Balmer 

series; and with n' = 3, n = 4, the Paschen series of infra-red lines. 

If we consider the effect^ of the finite mass M of the nucleus we 
find that the constant N in (6) must be replaced by : 




This is appreciably different from A^oo hydrogen as well as for other 
light elements. The observed value of Wh obtained from an empirical 
consideration of the series lines agrees well with that computed by (8) 
and (7) from the known physical constants m, e, c and h. For ionized 
helium we may derive in the above manner: 


The factor 4 enters because of the nuclear charge Z = 2 which occurs in 
the derivation as Z^. This formula again represents important series 
lines, formerly attributed to hydrogen but now known to be due to 
ionized helium, for example the series n' = 3, n = 4, 5, etc., also n' =4, 
n = 5, 6, etc. 


revolve around the common center of mass. In this and 
ouowmg developments we are concerned with the energy, momentum, etc., of the entire 

system, not of the electron alone. The substitution of for m In the above eauations 

takes account of this. w-i- az 
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ORIGIN OF SPECTRA 


Ratio of Mass of Hydrogen Nucleus and Hydrogen Atom to 
Mass of Electron, and Value of e/m 

From empirically determined values of Nh’ and N^q it is possible 
to obtain the ratio of the mass of the hydrogen atom to that of an 
electron. Paschen finds empirically: 

Ah = 109677.691 ] 

Nne = 109722.144 (10) 

and through Equation (8) Aoo = 109737.11 J 

mass o f helium atom _ _ 4.00 _ ^ 

mass of hydrogen atom Af h 1.0077 ' ' 

from atomic weight determinations. 


Let 


mass of helium nucleus _ Mne 
mass of hydrogen nucleus Afn 


From Equation (8) it follows that: 

Mh _ mass of hydrogen nucleus _ A'l-ie 

m ~ mass of slow-moving electron iVne — Vh 


But 


M^He ^ Mne + 2 m ^ 


( 11 ) 


Hence 


x = 1.969 3.969. 

Mh 


Assume 1900 > > 1800. Then x = 3.970. 

m 


Accordingly, from Equations (10) and (11), 

Mh _ mass of hydrogen nucleus _ ^ 

771 mass of slow-moving electron 


And 


M H __ mass of hydrogen atom 

771 


_ A/h + ^ 

mass of slow-moving electron m 


This value agrees well with that obtained by other methods. 


Furthermore 


M'h e/77i e/77i 


771 e/M'n f ' 
where / is the value of the Faraday. VinaFs^ most recent work shows 


< Vinal, Bur. Standards Sci. Papers, 218 and 271. 



the quantum theory of spectroscopy 19 


that this is not known with quite the precision ordinarily assumed, his 
extensive experiments giving / = 96500 db 10 coulombs. Accordingly 

— = = (96500) (1846.5) = 1.7819 ■ 10* coulombs/g' 

= 1.7819 - 10^ e.m.u./g | ^ ^ 

= 5.343 • 10^7 e.s.u./g. . 

These values should be good to 1 part in 2000 so that the method affords 
one of the most precise mcans^ for determining e/rn. 


Elliptical Orbits 

The possibility of elliptical orbits for the revolving electron greatly 
complicates the problem by the introduction of a second degree of 
freedom, viz. variation in the length of the radius vector, but leads to 
results of the most fundamental nature. 

In general, let us consider a system having k degrees of freedom. 
For the description of its configurations we require fc independent co- 
ordinates, Qij ‘ These may be, for example, the Cartesian or 

the polar coordinates of the various particles of the system. Cor- 
responding to each q there will be a quantity p which plays the same 
mathematical r61e in the expression for the kinetic energy of the system 

d/X 

as the components of momentum, ni 

for the kinetic energy of a single particle. Thus for a particle, in Carte- 
sian codrdinates, the kinetic energy, 


m ^ , m play in the formula 
dt dt ^ 


T 


m r /(fey 

2 L \dt) 


+ 




where Pz arc the components of momentum. It will be 

dx 

noted that if wc write etc., then 


dT 

dx 


djr 

dv^ 


2 dv^ C' ~ ~ 


and similarly for py and Pz- 

This statomont) is based on Paschon’s estimate of the procision with which iVu and 
may bo empirically determined. Birgc, Phys. li. 17, i)p. 589-607 (1921), in a very 
thorougjh consideration of the measuremonts on the hydrogen lines, has concluded that 
Vjj = 109677.7 0.2. An uncertainty of =*= 0.2 in Nji gives rise to a possible error of 

db 0.5% in - Nh of Equation (11), which is carried over directly in the final compu- 

tation. of e /m. A similar error in JVjj^ would still further increase the uncertainty in the deter- 
mination of e/m. 
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Likewise for any dynamical system we define the generalized moment 
TPi corresponding to the coordinate to be 

dqP 1»2 • • • A:. 

Let us choose such generalized coordinates that the kinetic energy 
contains only the squares of the generalized moments pi, so that no terms 
such as P1P2 occur. In general the square of each moment will be pre- 
fixed by a coefficient which may be a function of one or more of the 
coordinates q. For example, the expression for the kinetic energy of a 
particle of mass m in polar coordinates is 


dr 




= Pr= linear momentum in the direction of the radius vector; 
at 

— p<i, = angular momentum about the origin. 


Therefore T ~ . 


Let the coordinates also be so chosen that the potential energy of 
the system consists of a sum of functions each of which depends upon 
one coordinate only. Thus the potential energy will have the form 

Ej, =/i (qi) +/2 fe) +•••/* (qi)- 

For all the systems with which we shall deal, such a choice of co- 
ordinates is possible. 

The conditions by which we select discrete or quantized states of 
steady non-radiating motion for the dynamical system of the atom may 
be stated in terms of the above generalized coordinates as follows : 

fpidqi = n-fh 

■ ar I 

where = J 

and where the integral is taken over a complete period of the co5rdinate 
in question. (We shall be concerned only with systems where each 
coordinate is periodic.) The k equations furnished by the above re- 
quirements are the quantizing conditions laid down independently by 
W. Wilson® and by Sommerfeld.’’" 


«W. Wilson, Phn. Mag. 29, p. 795 (1915). 

^ So mm erfeld, “Atombau,” any edition, preferably 3d. 
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As nil exaiiiph^ of Uu‘ applicatiou of iOcpiut/ioiis ( 12 ) lt‘l, us cN>!isidrr 
firsti Hinipl^' castu (ii‘s<*riho(l of trinailar orhits. Hun* \vt* liavc^ 

hui on<‘ t!<*groo of fn‘(*(l(»m. th(‘ aziaiiitli </», sirH*(* ( 1 h* nuiius vui’tor is 
lixai in nut| 2 ;uitti(Iu, lluHiinits of iutu^raiiiHi aru {/» 0 aiid «/> 2 x, 

c*orn^s{)oncIiu.iiC d) oik* c‘(>up>lot<* rovolutiou of tho olu(*froih Tims: 


T 


tnr 



/4 


<rr 

ill 


<rr 


niYtli. 


t . 
////• 0 


lltauK! / pdq / fftr<pl(ji 2 nfiir'ip fij\ 

Biiiuo </} iH cK)Ustautu Hut wPtj* is tht* angular momnilum of tho ohM*irou. 
Wu havi^ acooH’dingly d(*riv(‘d Kpuatiou (2) In* thu uso of tht* mon* Kt*n- 
ivral ndaiioii i 12), 

int(*|i;or in this <‘hs(* is known as Hk* nzimullial (plant uni 
nmahor sinta* tin* inl(*gral l(» \vhii‘h it applit*s (‘ontaiuH tin* u/amuth as 
tin* hnli^pviuh*n\ variaidta 

in tin* t\nst* of (‘lUptitaal motion the (plant i/.ing protK*ss must !h* 
applit*(l in roH|HH‘t to both azimuth ancl radius as follows: 

a/Jnintli: nJi / pdii . / . dc/i 2 x ;< angtilar nntnn'utum il tl 

n (Ka 


riiiliuH: 


iji J pdii - J 


idP 

. dr 


dr. 


I 12 ) 


IIk* intogt»r is known as tht* radial tpiautnm numt>i*r sinut* t!iu iio 
i!i*fH*nd(mi vnriahlt* in ICtpiation i I2j is the radius r. If wo substituft^ 
in t ItLs tin* valut* of fin* kiru't.io tuiorgy wo oldain fnun f' l-l i and i I2» 


I > d’ 


'or' 

i'Oo } '0 >' 


iim 


in whiidi € iH tin* t*o(*out rioity of tht* olliptiral orhif. Tlius not only 
iiiUH'i Ida* angular intjmonfum of tin* (‘loof.rou huvo ta*rlaiii dist^roii! 
va!iit\H but at tin* sann* tinn* tin* siiapt's of tin* olhptioal orldts iiro ro- 
stricdiH.l in a vory dohnitt* maiinor. 

If W'O iio-'W 1 ‘valuatt* tin* bdal «*ui*rgy of fin* olorfron in aiiy 

parfieular cud'»il, did.ormiinal by tin* azimuthal t|UHiituin ntnnl>f*r iind 
tin* niciia! tpiantinn numlH*r a,, wt* find 

IP 

HO, b 


f:i7) 
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It will be noted thiit several diiTereiit orbil" « sei, d. ]'. ndniu upi.u h.nv 
the total value of //„ + >0 in obtained, for alu.-h sie- i^v !h. 
value. For example the orbit »„ ~ U a. 2 ha- th.- -am,- m.-rex a- 1 !„. 
orbit Wa = 2, «, = 1 since »„ f a, o in . ueh . a-i- 



Fk 3. 1. A few of thoiimcr orbitH \vh't*h itmv b** h% flar rlrvfi^o; >4 !h»' 

hydrogen atom. Actually thenr nrb5f*4 nr** |«-rf iriw-l n--* utr not 

exactly cloHcd or cyclic. There in prenfiH n .ni-nr i ueo «ii |%rri» 

hel’on. The illuHtnit’on reprcHcntM very r|«*^i‘lv n-* int,;\ n* i ry idno 
of the poHHihle HtatcH. whil<‘ a “tbic* m jre" w-.mld giv ■ ^ h.*!i | isr).! u.l 
account of thc^ progrcHHive ua^tion. 


ProccxKiing now in the namo manner a^ llnit in ivlm-li Kqinii nui -ti’ 
was derived and putting th<‘ dilTt*renee in the tuiai t ii*. nrhii.H 

and equal to h tiiac*H the fmiiieiiry 1*1 thi* iniiiftr-.t i-itii*’ 

ation, or he times th(^ wave number i% wi* ttlifuin flu* iidlMwiiii^ ^-iiortral 
series formula: 


V f ^ 


in** + ?n 


This again representB the Herien linen of hydriigeii. l1to Huliiirr 
obtained when n'« + « 2 and n,, + h, ;i I. n, rtr. 1li»- pin Mim! 

significance of this more complieat(‘d foriiiiila will ii|t|ifMr liiir*r, 
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It ma 57 - be readily shown, that all elliptical orbits, for which the total 
energy, of the atom is the same— cf. Equation (17) — have equal seftii- 

major axes, a, and that the semi-minor axes, b, have the magnitudes: 


b = 


Ua -f- n. 


a. 


(19) 


All orbits for which ria == 0 are straight lines through the nucleus and 
are hence excluded as physically impossible. We shall consider the 
form, of tbe various inner orbits for the hydrogen atom, subject to the 
condition 7 %^ 9 ^ 0. The inmost orbit is obtained when na + rij. = 1, that 
is, when = 1, n,. == 0. The next group of orbits is found by making 
Ua + = 2. Proceeding in this manner we may by the help of Equa- 

tion (19) compute the constants of the orbits, as given in Table I, 
and further illustrated by Figure 1. 


TABLE I 

Orbits of Hydrogen to == 4 


-f- Tlr 

Yla 

nr 

a 

h 

Form of Orbit 

1 

1 

0 

ai 

ai 

circle 

2 

2 

0 

4ai 

4:0)1 

circle 

2 

1 

1 

4a 1 

2a 1 

ellipse 

3 

3 

0 

9ai 

9ai 

circle 

3 

2 

1 

9ai 

6ai 

ellipse 

3 

1 

2 

9ai 

Sdi 

ellipse 

4 

4 

0 

16ai 

16ai 

circle 

4 

3 

1 

16ai 

12 ai 

ellipse 

4 

2 

2 

16ai 

8^1 

ellipse 

4 

1 

3 

16ai 

4ai 

ellipse 


The line lEIac is produced by an electron jumping from an orbit + n,. = 3 
to an orbit + n,. =2. Since there are three orbits of equal energy 
value for which = 3 and two orbits for which = 2, the 

line E[« niay be produced in six different ways. Similarly and 
may be produced in eight and ten different ways respectively. These 
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conclusions, however, must be <*.onsitl(n’nbly niodifunl, as will appear 
directly.^ 

Relativity of .Mass 


The first modification, duo to Soninu'rh^kl^ aristvs in t!u‘ fact that the 
mass of the electron in its elliptical <>i‘bit^is not a <’onstant Init. (h‘peuds 
upon its velocity, c, thus: ni = ///o Vi — when‘ d v c arid is the 
mass of a stationary or slovv-moviu^ idiuhrou. From a mat hematical 
standpoint the character of the orbit is consid(*rably changed tluandiy 
but if the velocity of the electron is mod(*rat(‘ (*ompan*(l to that of light, 
we may consider the path as an ellipsis with slowly moving p<*rilieliou. 
Corresponding to Equation (17) w(‘ now obtain Fi|uation (2(1) for the 
energy of the electron in the Uafir orbit. 




NhrZ- r 

l»a + «r)* L ("a + >h)~ vl >I,J 




where a = ~I~ • ( 21 ) 

In this relation is a relatively small (pianlity being (apin! to 5. HI - 10“^; 
hence it is sufficient for the present to lU'gled (mans of higher order 


Bit is of iritorost to note that th(n*o oxistn a uc^nun-al rolailuu tlm fn^ 

quency of revolution of tlio (Uectron about the uuefous ami tlu’ wav»' uuiuIut <«• tho mHiutnicy 
of the radiation omitted when th(^ ohriron falls from one orbit to anoihrr. 

It may bo readily shown that tlus frotimmoy <»f rovoluihm, f. of th»' i^lrrtnut moving In 
an elliptical orbit about the positive oliargt' A’ is giva^u l>y tin* ri'lation 


a/i (no -Mr) 


wluTo a 




4 


, {Ha |- 


On replacing a In the Orst etpiatiou by its tMiuivalont, wo o!>tain 


’ firp ' 


2 \ Sc 

tnu j ?jr'l ' 


or, for hydrogen, 


and 




^ 2 Sc 

' {«« d- nh* 


Cby Ki|uatltm7) 


ft*r the iitlUal c^rblt 


for tho final orbit. 


Replacing Uic terms (7ia;f-nr}2 and (n'a + n'rP of Equation (IS) hy tim vulnm from the 
above relations we find direcUy 


* 2“^ { (n't* “f n\)f - (na + tir) /| , 

total (piantum ni 
(nT "" nf ) . 


If this is expressed in terms of the total (piantum numlw n « ru I* nr ami frufuionry r 
( - ci^) instead of we obtain 


Hence the frequency of the emittml radiation is omvdmlf tho difria’om’r* of iht^ |ir«H|iirfs 
the total quantum number and tho fnuimuicy of rovoluihu^ of thi^ »d*n-fron In oaoh of thi 
orbits concerned in tho transfer, l^his Is a goinsral law Immodiatidy »ppllral»l»^ to anv Mper» 
trum of the hydrogen type, such as that of ionl/.otl helium, doubly loitl/od bUtlum. etc. If 
n - n » 1 whore l)oth n and ti'are largo •“ •- f. that in. the frequency of the emltfctl light is 
approximately equal to the frequency of revolution of the tdectron In Its orhli . aimr<«d- 

mation of the quantum theory to tho classical tlynamh's for rmmll tnHmmuivn i»r hmu wave- 
lengths has an analogy in the law of tho spwitral dlst-ribution for black-bmlv mnlHMlon. where 
the Planck relation approximates tho classit^al Rayleigh tHiuaficju ftu’ hma wii ve-lcftMihi, 
fl See general reference a at end of chapter. 
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than a^. The first term of this general equation is identical with Equa- 
tion (17) (for hydrogen, Z = 1). The second and succeeding terms are 
the corrections introduced by the relativity considerations. We note that 
whereas in Equation (17) and rij. occurred together as a sum, in the 
correction term of Equation (20) they also occur as a quotient. The 
energies of the various ‘‘ellipticar’ orbits in Figure 1, for the same total 
quantum number accordingly depend upon how this number is obtained. 
For example the energy is slightly different for the orbits characterized 
by = 1 + 2 = 3; + n,. = 2 + 1 = 3 and = 3 + 

0 = 3. Thus the six possible transfers from + n,. = 3 to + n,. = 2 
will produce six slightly different frequencies. These frequencies or 
wave numbers may be computed from Equation (22) which is analogous 
to Equation (18) derived without relativity considerations. 


V 



1 

in' a + n'r) 


2 


1 

(na + Ur)^ 


(n'a + n'rY \4 n' 

/I , Ml 
iUa + UrY V4 ^ nj J 


( 22 ) 


Flence the line which represents an interorbital transfer from 
total quantum numbers 3 to 2, when resolved by a high power spectro- 
scope such as an echelon grating, should show fine structure and should 
appear as a group of fine lines. The six mathematically possible com- 
ponents for computed by Equation (22), where for N is substituted 
Wh thus taking into account the finite mass of the nucleus, are given in 
Table II. 


TABLE II 

Fine Structure of Ha 


V 

X i 

Vacuum 

naUr n'an'r 


Remarks 

See page 26 

rl 5233 .451 

6564.501 

30-^-ll 

- 2 

excluded 

r I 3.415 

.516 

21->11 

- 1 


rJ1 3.307 

.563 

12-^11 

0 

excluded 

j 1 3.086 

.658 

30-^20 

- 1 


1 ^ 3.050 

.674 

21-^20 

0 

excluded 

2.941 

.720 

12-^20 

+ 1 



In the same manner the fine structure of other Balmer lines and lines 
of the Lyman and Paschen series may be computed. With Z = 2 in 
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Equation (22) we may similarly pn^liet- tlu‘ fim* struct lU’e tlu‘ series 
lines of ionized helium. 

The Piun(UPlk of SKLE("rioN i 

The second modification of simph* tluniry consists in tlu‘ nppliea- f 
tion of the principle of selection. So fur in tlu* analysis we ha V(^ td ilized ' 
the principle of the conservation of energy as applying tn tie* (*mi|)le(i j 
action between the ether and matter. Tiu‘ emu’gy lost by tfic atom !' 
when the electron is transfta'nal from a,n (U'hit. of higluu* (uau-gy l(‘V(‘l to ' 
one of lesser energy is conservtal by tlu^ c^tlu'r in t lu* form of radiat ion of 
frequency v or wave number p givtm by b](juation (22i. Kt'cping the ! 
originaf Bohr postulates which inchuhal principh^ of constu'vation of 
energy we shall now additionally n^strict tlu^ iirobhan by tht‘ (‘ondltion 
that we have conservation of moment of monurnttmi.^** Hint is, the 
moment of momentum lost by the mtHdianical systeau forming the | 
atom, in any interorbital transition, is (‘ons(‘rved by t in* tidau- us moment i 
of momentum of radiation. By a simpU‘ matlKunatical analysis Huliin- 
owicz^^ showed that these asstimptions haul to tlic {^omdnsions that in 
any interorbital transition of an ele(‘tron, ri*sulting in radiation, and 
not complicated by the pr(\sence of an ehadrostatic or magnetic, fitdd, 
the azimuthal quantum numlxa' may (duingi* !y — I, 0 or ■)- I and 
by no other amount. T^olir*- has d(‘riv<‘d a mon^ nstimdcd primuph^ of 
selection which excludes the z(‘r<> change* of momimtum. For t In* pr(\sent 
we shall confine our discussion to the Ihdir n‘strict(Ml |)rinci|)lc wliieh r 
may be stated as follows: ^ 

A != fi -j'- t <>|’ p p23) j 

Applying this principle to the analysis of tlic tine structure of | 
of the six mathematically possibk* transitions tlircc art* t*xcludtnl us ; 
shown in the last two columns of Tal)l<* II, )>(*causc fnr tla^sc tlic change • . 
in azimuthal quantum number is not db: I. llonoo \vv arrive* at th(* 
final conclusion that the lim* II« is imuh* up of throo c*onipoucnts. On 

accountof the differeruHun energy <)f the tw(>yba// orbits, a., f a, I +1 

and + n, = 2 + 0 , these three lines nniy lx* (*ousiderecl as a demblefc I 
one component of which has a satellite. Sinularly with for whicdi, j 
of the 4 X 2 = 8 mathematically possibh* tnmsitiuns, all Inif thna* are 
excluded by the selection principh*. Tho int(*rorbitaI transitiems ivmlC ^ 
ing in H« and are shown by dotted lim^s in Figure* 1 . : 

3d Ed conceptions here involvwl. ‘vAtoiuhiui," 

Eubinowlcz/Physik. Z. 19. pp. 441, 4ei5 (HUH). 

12 See general reference 2 . Also DuHhman, J. Opt. Sw. Am, & U.H, l..n.p. 2 :ir> 09221 . . 
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Experimental Verification by Fine Structure Analysis 

The experimentaT verification of the above deductions in the case 
of the hydrogen atom is probably as satisfactoiy as could be expected 
at the present time. Referring to Table II it is seen that the entire fine 
structure of should cover a spectral range of only 0.2 A. Now the 
width^^ of a spectral line, assuming it may be accounted for by the 
Doppler-Pizeau effect, may be shown^^ to be 

A = 0MA0'^\Vt/M, 

where T is the absolute temperature and M the molecular weight of the 
radiating gas. 

Since M = 1 for the hydrogen atom it is readily apparent that the 
precision of measurement of fine structure will be seriously affected 
by the Doppler effect- Even with the discharge tube immersed in 
liquid air the theoretical width of each component of is 0.051 A. 
However, the component of longest wave-length should be weak, and it 
may be shown that the separation of this component and the central 
component should be only about 4/10 the separation of the central 
component and the one of shortest wave-length. This results in the 
obervation of the triplet as a doublet with fairly wide components arising 
from the Doppler effect. The observed separation of this doublet 
is obviously not the theoretical doublet separation shown by the braces 
in the first column of Table II, which has the computed magnitude 
A^h = 0.365 cm”*^. It is possible to compute from the theoretical distri- 
bution of the lines what magnitude of the doublet separation should be 
observed. Or conversely, the observed separations when corrected 
should afford a check upon the theoretical deductions. We have, how- 
ever, in addition to the distribution of intensity produced by the Doppler 
effect, in any laboratory experiment, broadenings of each component 
arising in the Stark effect, imperfect focus upon the plate, spreading 
of the image on the emulsion, and mechanical difficulties. These 
effects combine in producing an apparent narrowing of the observed 
doublet. The following table summarizes the data on by several 
observers where we are not certain of the methods employed in deter- 
mining these various correction factors. In fact, some of these cor- 
rections have not been applied to the first three values given. 


13 Measured at th.e point where the intensity has decreased to 1 /c of its maximum value, 
i-i Tlie method of derivation of this and similar formulae is summarized by Nagaoka, 
Proc. Matn. Phys. Soc. Tokyo, 8, pp. 237-43 (1915). 
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AvBi 

Observer 

Reference 

.34 cm“^ 

Merton 

Proc. Roy. Soc. 97, p. 307 (1920) 

.29 

Gehrcke and Lau 

Physik. Z. 21, p. 634 (1920) 

.36 

McLennan and Lowe 

Proc. Roy. Soc. 100, p. 217 (1921) 

.35 

Oldenberg 

Ann. Physik, 67, p. 453 (1922) 


It is seen that the agreement between the observed and computed, 
values is fairly satisfactory. However, when the measureiiionts arc 
extended to other lines in the Balmer series there appears to be a slight 
systematic decrease in the doublet separation, measured in cm as one 
proceeds to the higher terms of the series. It is doubtful whether the 
above-mentioned disturbing effects are adequate to account completely 
for existing observations on H(S, Hy, and Hs. Ruark has suggested to 
the authors that there still remain to be considered disturbances arising 
in (1) finite size of nucleus^^ and (2) possible magnetic moment of 
nucleus. Any correction arising from a consideration of retarded po*- 
tentials has been shown by Darwin^® to be less than 0.001 A and to 
affect all components of a given line in the same manner. 

The real experimental verification of the theory lies in Paschen’s 
analysis of certain lines of ionized helium.^^ Since for helium ikf = 4 
the Doppler effect is considerably decreased, and since Z == 2 we have 
a more open scale of v, as is apparent from Equation (22) . The helium 
line X 4686 is produced by a transfer of the remaining electron in the 
ionized atom from orbits of total quantum number 4 to orbits of total 
quantum number 3. Twelve lines are thus mathematically possible, 
but the application of the Bohr principle of selection reduces this number 
to five. Figure 2, adapted from Sommerfeld's ^'Atombau,^’ 2ded.,p. 
350, shows, below, the wave-lengths observed by Paschen, the heights 
of the shaded portions representing intensity. Above the observed 
wave-lengths are those computed by means of Equation (22), using the 
selection principle. At the top, shown by dotted lines, are the mathe- 
matically possible lines computed directly from Equation (22). The 
entire wave-length scale covers an interval of only 0.8 A. or about |- 
of the distance between the two D-lines of sodium, and yet the theoreti- 
cally predicted fine structure is well confirmed by the experimental 

’5 Silberstein, Phil. Mag. 39, p. 46 (1920), has given the method of computing correc- 
tions for an aspherical nucleus. 

16 Phil. Mag. 39, p. 537 (1920). 

17 Paschen, Ann. Physik, 50, pp. 901-40 (1916). 
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data. The two lines marked d, while mathematically possible, involve 
a change in the azimuthal quantum number of two units and hence by 
the principle of selection should not exist. However, this principle was 
established conditionally upon the absence of an electrostatic or electro- 
magnetic field. On the other hand such a field is present in a high 
voltage discharge tube. A thorough consideration of the phenomena 
in the presence of disturbing fields requires the application of the quan- 
tum theory to the Stark and Zeeman effects/® quite beyond the scope 
of the present work. Suffice to say that as a result of such analysis 
it may be shown that the lines marked d should appear in a weak elec- 
trostatic field, and still other lines should be excited with higher poten- 
tials, in agreement with further observations of Paschen.^^ 



In the case of we have seen that the fine structure consists of a 
fundamental doublet with a satellite. The doublet separation Avu 
is due to the difference in energy of the two final orbits 1 + 1 = 2 and 
2+0 =2. This value of Aj^h is readily obtained from Equation (22) 
by putting Av = vi — where vi refers to n'a = 1, n'r = 1 and any 
value of Tia and Ur and where V 2 refers to = 2, n'r == 0 with the same 
values of and h^.. Hence since Z = 1 for hydrogen, we obtain 

Na^ 

Avn = 0*365 cm/^ . (24) 

18 Kiramers, CopenJiageii Acad., 1919. See also general references 2, 3, 4, 6, 7, at end of 
cnapteir- 

10 r^asclien, loc. cit. 
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Now Equation (22) may 1 k‘ ivwvHUhx with ivpljHvd liy li\ and 
the new formula used For estimating!: th(* s(‘par:itinn t>f the enminaieufe 
of the helium lines in terms of Atai- Or eonvei’seiy. tiiese s(‘purati()iis 
maybe detenniueil eKperiineutally for ludiiim ami usfni In eompute the 
value of Mi hydrogen. In this lattca* mamua' I'asehtai fnund (‘xperh 
mentally 

= 0.3(>4."> db 0.tH)'to {*iu , 

in agreement with the theoretieal vahit^ td' Svu .^ivi‘n by iMpiatiun (24). 

Atoms with Many Elkotuons 

Evidence from various S{>ure(‘s, both physical and chenru‘ab tauihles 
us to derive some information in n'gurd to the disf ribiitien <»f (‘Itadrom 
about the nucleus. Th<‘ periodic tablt* of cheinica! tdemenis furnishes 
an important clue as to th(‘ (dtadron arrangement. Ida* pre.sent view- 
point is that the intervals tudweim rart^ gases, and not tlie rows of the 
table, give the true pc'riods of the* atomic systems. 

The chemical inactivity of th<‘ ran* gases suggests that t liese ehaneuts 
represent completed struedun^s. With tine intermediate eleimmts only 
superficial changes in the (‘hadron {*on figuration tnaan*. At t‘aeh new 
period a ^‘shelb^ is addial to tin* (UTginul struct no*. An atom is char- 
acterized by as many groups or ‘\slu41s” of elt*etr«ms ns the mmunncal 
value of the pt'riod whicdi it occupu‘S, viz., He omn A tlirtnn ete, Thr 
number of electrons in tnudi group whem ecunpleted luis Inam eonsidtned 
equal to the numhcT of (‘h'lnents in tlu‘ corresponding fieriod. ddmt is, 
in successive groiq)s from tlH‘ (H*nt(*r out. tin* number of electrons, (m 
this hypothesis, follows tlH‘ distribution law 2, S. S. IS, IS, :i2. 

The 7mv Bohr-*^ tlwory of atomic strmdure retains tin* atiove (’oiicep- 
tion of groups of electrons corn^sponding to periods in the ehemi(‘al prop- 
(M’ties but postulates tlu‘ oc(nirn‘n(‘(‘ of ehang(*s in hiHrr groups as wcdl us 
in the outer shell. The n‘sulting distributiem for several families is given 
in Table III, in which A', L, d/,(‘tc., ftdhm* tin* usual \-nty mdatuai fur 
successive layers. 

As to the orientation of tlmm* (dcadrons. tnuuy diffennit tlitairicn 
have been propos(‘(l. Tim Lewis-I^ungmuir"^ liypol hesis postiilatc^^ 
for ea(di grou]) a cubical distribution id ehainms in wldeh motiiUisaiT 
limited to relatively small vibrations about |H»sition.s of etiuilibriuin. 
Such a moded is not (uisily recomuhal with tlu* viewpoint of tiie sper- 
troscopist. 

20 Bohr, 7 j , Physlk, U, np, l-i$7 tn>22), 

21 Langmuir, J. Am. (Iiom. S<Kt., 3H, p. 7«2 (lauu . U. p. huh . . 
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1111 * (’nulii^urut inu oriRiiuilly pri^postni l»y Hnhr" atul i^rufrally adopted 
iu tlu* pas! fur Ihu u\!unsinti of tliu linhr thutiry to attuiis witli mnn\ 
(‘[(‘(‘truaH, (‘onsLstrd t»f ruplaiiar* nuiruntru' riu|is oi uluctroiis ruvolviiif^ 
ahuut tlu* iiuulrus. Hiu po>5sd*ility of ullipliral tirhils roinp!i<*att*a tliu 
pruhLia, fur whilu suvural rluc’tiHais may bu stjddu in tla* sanu* c-iirular 
orbit uiilv uiiu uii'i'truu may oroupy an oUiptira! tn'bit. fluuu\ri, it is 
roadily poHsihb* to su or’uait a pinmp of stmilar, ca^plnuar. roiifoual ulli|)sus, 
mcli ccmtnininn: om* tdi-otrun. tliat at uvtay instaJil all tla* vlrOmm of 
any cam group liu cm a cdndo ronuunt riu with the* luudoim. 

dla* rfM’tuitly proposuil tlic*c*ry ot Unhr Appumltx Ilj on whicli 
thtMlisl rihut ie ill of olmUrous in I abh* III is basud, d«*idc‘H tin* possibilit} 
of tla* fornuitiou of a ring modul, in spite* oi its nioolamirut s!at>iiit\» 

rtcnaniU iH’an'ritni* 1 iU i'UU <»f (‘hupOT. 
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and assumes that each electron nu>v(‘s in an individual orbit and in 
general in an individual plane. The n‘suHiug spac<‘ (‘onfiguration 
through which the chemica.l proptu'l i(‘s of th(‘ ehamuits may lx* inter- 
preted leads to insurmountable difiicult ks in tlu‘ matlnanat i(‘al analysis 
of the motion of the electnms in heavy atoms, t*xcept for cpiaHtative 
deductions. 

Accordingly, while r(HH)gnizing that tlu‘ (‘kx’trons are actually re- 
volving in elliptical orbits in dilhuauit plaiu\s, orbits smdi that those of 
greater quantum number and ecccmtricity may ptuu'tratt^ m'anvr to the 
nucleus than those of lesser quantum numlHU* but. mon* mairly <*ireular, 
we shall for the simplification of th(‘ matluanatieal tn‘atm(mt adopt 
the Somrnerfeld^'^ conceptions. 

That the postulating of a ring configtiration ft)r the imu»r ekadrons 
frequently is an approximation to fact whicli is jtistifual us far as the 
motion of an outer electron is concenual will b(‘ (^vitkaiced In* tlu‘ striking 
experimental verification of the conelusi<ms drawn in th(» following 
sections. 


Derivation ok the Hitz ICquation 

The Ritz equation represents th(‘ variablt^ ttuau iti a speed ral m'm 
formula for elements containing several (dectrons. T!a‘ original diTiva- 
tion of this relation was purely empirical, hut SomnuudehF^ lias rectmtly 
shown that it possesses some physic’ul signific^aiu’cu We tioie from Ta- 
ble III that the alkalis have one out(T eha’tron. As an approximation 
Sommerfeld assumed that all the other (dtadrons (*ould Ik* considered 
to be in a single circular orbit. In general then wt* assunu* a eon* of 
positive charge Ze surrounded by a circular ring of radius uu c*ontaining 
p z= Z - k electrons, in turn surroun(l(*d by tlie eoplanar, ami in gi*ni‘ral 
elliptical, orbits of the might remaining (‘l(*ctr<m. Tin* outer elecd.ron is 
responsible for the emission qf the ordinary spectral Iim‘s. Sueli mi 
atom resembles the simple structures for hy(irogi‘ri ex<*epf that the* outer 
electron is no longer in a Coulomb field, on aceoimt. of the elisturhing 
action of the ring of electrons. In assuming cdliptie^al orhils we intro- 
duce two degrees of freedom, requiring as in the gcmeral c*ase for hydro- 
gen, the application twice of the quantizing int<*gral J'pdq == nk 
The ring of electrons may be considered as a ring of uniform distribution 
of charge of total value - {Z - fe)c, and of radiu.s We desire the 
total energy Wn^^uj. of the electron in the orbit having as azimuthal and 


“ Atombau.” 

“Atombau.” 2d od.. Appendix 13. 
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radial quantum numbers the integers and respectively and radius 
vector of length r. This is equal to the sum of the potential energy Ep 
and the kinetic energy T for the same orbit. We find: 


Ep = 


^ -L 4_ 

^3 ^5 


(25) 


where 


Cl 


^(z — 1^ e-Oo^ and ^2 = ^ e-ao* , 


(26) 

(27) 


Applying the first quantizing integral: 

/ p^d<l) = 2 = Uah, (28) 

0 


Substituting this value of p^, in (27), adding (27) and (25), equating 
to the total energy W, and solving for Pr we obtain for the second quantiz- 
ing process: 


/ prdr = / /^2mW + 


2 mke^ 1 
r 4 




dr = Urh . (29) 


This complicated integral, evaluated over a complete period, gives: 




Nhck^ 


nj-{- a — a 


(30) 


The constants a and a in this equation are complicated, but to 
terms of the first order are as follows: 


(2 TrYm%eHi 


(31) 


^ (2 irYm^ke-Oi 


(32) 


Putting, as heretofore, the difference in total energies of two orbits 
Wn^n^ and timcs the wave number of the emitted 

radiation we obtain the following spectral series formula. 


V -- k N ^ + a' — a'c(m\ a')P [^a + — ac{m, a)] J 

m = na + nrj (m, a) =W— /he. 

This is the familiar Ritz equation, originally derived empirically. 
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combination to give a spectral line. We now associate a definite azimu- 
thal quantum number with each of the s, p, d and b terms and by the 
Bohr principle of selection only such combinations may occur for which 
71 ^= — 1 or + 1. Hence we .should not expect lines such as v m's 
— mb since these involve a change of three units in the azimuthal quan- 
tum number. The change in azimuthal quantum number for each oi the 
four series, Equations (38) to (41), is Aria = =b 1. Since the minimum 
value of ria + occurs when Ur = 0, we see why these four series begin 
with peculiar, fixed values of m, the minimum or initial value being 
determined by the azimuthal quantum number associated with the 
variable term (except for the 2d subordinate series where m,ain = 
= 1 + 1 ). 

Exceptions to these deductions may be found. A similar excep- 
tion has been noted with helium where certain components for which 
Aria = 2 appear in a high voltage discharge. Thus with the alkalis we 
find lines such as v = 2 p — mp, Is — ms, 3d — 'tnd for which the 
change in azimuthal quantum number is zero. This fact, however, 
would not be contradictory to the less restricted Rubinowicz principle of 
selection. A more serious exception occurs in such lines as y = 1 s — md 
where the change in azimuthal quantum number is two units. All of 
these exceptions have been, as with helium, attributed to the disturbing 
effect of the electrostatic exciting field, under which condition their 
presence is in accord with the theory. Foote, Mohler and Meggers, 
on the other hand observed 1 s — 3 d for sodium and potassium in a 
discharge tube completely shielded from any applied field. The above 
conclusions are, however, in general well confirmed, and cwen though 
the theory is not completely satisfactory, still it contains much of great 
value and interest.^^ 

Since we are concerned in this book only with the more im[)()rtant 
general principles we are not able to extend the theory to doubk^t and 
triplet spectra, which at present is in a less satisfactory state of develop- 
ment. The spectra of the alkalis are characterized by close doublets, 
as for example the two D-lines of sodium. The 7np terms arc^ assoifiated 
with double p orbits pi and p 2 of slight energy difference. Hence the 
lines of the principal series are designated by 1 s — ‘inpi and 1 .s — ni^h- 
Similarly with the metals of the second group of the periodic ta])I(‘ which 
are characterized by rather widety separated triplets arising in the 


26 Phil. Mag., 43, pp. 659-61 (1922). 

• of these exceptions can be explained by the electrostatic add arising in 

neighboring atoms and ions. • 

28 Sommerfeld, “ Atombau,” 3d ed.. Chap. 6, Section 5. 
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threefold p orbits, pi, p 2 and pz. The latter family also has many single 
lines grouped in series. Single lines are designated in the same notation 
except that capital letters are used, as for example IS — mP, which 
represents important fundamental lines. We also find for these ele- 
ments combination series, one term belonging to the single line group 
and the other to a triplet group, as for example IS — mp^, another 
fundamentally important series. 

Fine Structure, Doublets and Triplets 

It must be emphasized that the fine structure of hydrogen and of 
ionized helium has nothing in common with the fine structure, doublets, 
triplets, satellites, etc., of the more complex elements. It appears rather 
that the disturbing action of the inner groups of electrons in the complex 
atoms opens out into several series what would otherwise have been true 
fine structure. Or put conversely, the components in the fine structure 
of the Balmer lines of hydrogen are really terms of its principal and 
subordinate series, which, because of the strictly Coulomb field, are not 
widely separated. Thus on considering the interorbital transitions 
involved we may by analogy with the alkalis orient the Balmer lines 
as shown in Table V. 


TABLE V 

Fine Structure of Balmer Lines 


Line 

n'a -\-n'r^na -\-nr 

Series Notation 


2 + 0^3 + 0 

2 p - 3 d 

1st Sub. 


2 + 0^ 1 + 2 

2 p — 3 s 

2d Sub. 


1 + 1^2+ 1 

2 s — 3 p 

Prill. 


2 + 0^3 + 1 

2 - 4 d 

1st Sub. 

2 + 0^1 + 3 

2 p — 4 s 

2d Sub. 

etc. 

1 + 1^2 + 2 

2 s — 4 21 

Prin. 


Nuclear Defect of a Ring of Electrons 

In succeeding discussions it is necessary to consider the shielding 
action on the nucleus by a ring of several electrons. From purely 
geometrical considerations, assuming the inverse square law, it may be 
shown that the force, which is radial, acting on any one of n electrons, 
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sjnnmetrically distributed in a ring, of radius ao, with the charge + Ze 
at the center, is: 



_ Ze^ Trk 

Force 1 cosec- 

(42) 


uq 

(43) 

where 

1 ’’ck 

Sn = l L cosec— ■ 

(44) 


The quantity is called the nuclear defect of the ring of n electrons and 
Z' = Z — Sn the “effective^’ core charge. For large values of n, above 
10 to 20, we may represent §» approximately by the simple formula: 


== — {nat Inn A- 0.12). 

2 T 


(45) 


The radius of a single ring of n electrons about a nuclear charge Ze is as 
follows: 


Z-Sn Z'’ 


(46) 


where (iji is the radius of the hydrogen atom. From Equations (1) 
and (3) we find for an azimuthal quantum number 1 : 




(47) 


In case the electrons are distributed in two concentric rings, in 
accordance with our interpretation of the quantum theory, we assign 
to each electron in the inner ring one unit of angular momentum and to 
each electron in the outer ring two units. Hence for a ring of radius ai 
containing p electrons and an outer ring of radius a 2 containing q electrons 
we find: 


ai 




(48) 


02 = 


Z 


(49) 


The total energy of the p electrons in the inner ring and that of the q 
electrons in the second ring may be shown to have the values: 


Wp - P~ (Z - s,)\ 


(50) 
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(51) 

It should be noted in Equations (49) and (51) that the inner ring is 
considered to be sufficiently close to the nucleus so that, as far as the 
outer ring is concerned, its nuclear defect is p, these p electrons simply 
decreasing the core charge by their total value pe. Similarly in Equa- 
tions (48) and (50) the effect of the outer ring is neglected. It is 
accordingly evident that in considering the orbits of a single electron 
revolving outside of other rings of electrons, the number of electrons in 
the outer ring is a predominant factor, the exact distribution in the inner 
rings being of minor importance. 


Spark Spectra 

Spectral lines which arise in ionized atoms are called enhanced or 
spark spectra. Formerly they could be produced in the laboratory 
only by high voltage condenser discharge — whence the terminology 
'‘spark” spectra. We have already considered the enhanced spectrum 
of ionized helium and shall now discuss the spectra of the ionized alkali 
earths. Referring to Table III, we note that the normal atoms in this 
group all contain two electrons in the outer ring. We shall assume that 
one of these has been removed by the process of ionization. The struc- 
ture then becomes identical with that of the alkali of next lower atomic 
number except that the core charge is one unit greater. This is equivalent 
to putting = 4 in Equation (33). The enhanced spectrum of ionized 
magnesium, accordingly, should resemble the arc spectrum of sodium, 
and similarly for the other pairs of elements in these two groups. The 
variable series term for these enhanced lines should by Equation (33) 
take the form: 

^ -f-.nr + Cl*' — a*c (m, a*)]‘^ 

We note that since k = 2, the factor fcW ( = 4 W = A) appears in 
the variable term of the enhanced spectra instead of simply N. This 
fact is fairly well substantiated by empirical computation ^9 as shown 
in Table VI. 


28 Since this was written, Fowler’s book on “Series in Line Spectra’’ has appeared. He 
has recomputed these series, using A = 4N as predicted by theory. Table VI is accordingly 
of historical interest only. See section on “Spectroscopic Tables.” 
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TABLE VI 


Constant in Enhanced Series Formulae 


Element 

Series 

Constant = A 

A/N 

Ms 

1st Sub. 

423377 

3.9 


2d Sub. 

413202 

3.8 

Sr 

1st Sub. 

410836 

3.7 


2d Sub. 1 

415157 

3.8 

Ca 

1st Sub. 

423416 

3.9 


2d Sub. 

421559 

3.8 

Ba 

1st Sub. 

390431 

3.6 


2d Sub. 

397795 

3.6 


We shall now discuss the relation between the constants a* for 
enhanced spectra of the alkali earths and the constants a for the arc 
spectra of the alkalis. In order to approximate physical conditions 
more closely, as shown by Table III, we shall consider two rings of elec- 
trons about the core, besides the orbit of the valence electron, the outer 
ring of radius containing, according to Table III, g = 8 electrons and 
the inner ring of radius <xi containing p = Z — q — k electrons. The 
remaining valence electron revolves about this entire structure. More 
rings could be assumed, for example four with strontium, but as already 
pointed out, these are unnecessary refinements as far as the orbits of the 
valence electron are concerned. 

The expression for a as derived by Sommerfeld for a single ring 
(radius ao) of electrons is given by Equation (31) where k = 1. The 
value of a* is likewise determined by (31) where k = 2. This reflation 
involves Ci which is by Equation (26) proportional to a^o. We see, how- 
ever, by Equation (46) that ao depends upon the nuclear charge and hence 
is different for Mg and Na, and other corresponding pairs of elements. 
This shrinkage of the ring when the nuclear charge increases by one 
unit must be considered in determining the ratio a*/a. Now the addi- 
tion of a second ring simply alters the value of Ci in Equation (31). 
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Taking this into account as well as allowing for changes in the radii of 
the two rings as determined by Equation (48) we find: 


P , 16 

a V I 16 

(Z - 8 ,)*^ ^ (^/ + 1 - 


(53) 


where Z'^ = Z + 1 is the atomic number of the alkali earth and Z is 
the atomic number of the alkali. For the dou])let system of enhanced 
lines we rise precisely the same formulae Equations (38) to (41) as for 
the arc spectra of the alkalis except that we replace s, p, d and b by the 
letters *’45,® and 33 respectively. Table VII shows the values of the 
empirically determined series constants. The last column gives the 
ratio a*/a computed by Equation (53). This agrees with the empirical 
ratios, again substantiating our theory. 


TABI.E VII 

RELAanoN m^TWEEN a* and a 


Elements 

a* = S 

a = 6' 

a* = 3) 

a = p 

(I* -f- a 

S/s 



^/P 

Com- 

puted 

Mg/Na 

.93 

.05 

.30 

.IT) 

1.43 

2.00 

1.48 

Ca/K 

1.2d 

.82 

.50 

.29 

1.46 

1.72 

1.49 

Sr/Rl) 

1.32 

.81 

.61 

.36 

1.63 

1.70 

1.66 

Ba/C^s 

1.43 

.95 

.75 

.45 

1.50 

1.66 

1.66 


We may therefore concliul(> that in all dcd:ail tlie enhanced spectrum 
of an alkali earth resembles the arc spectrum of the', alkali of next lower 
atomic*, number. This relation may be extemded to other pairs of ele- 
ments. If we remove the valencre olecd-ron from sodium the configura- 
tion is similar to that of lU'on, as seem from Table III. Hence the spark 
spc'ctrum of sodium should resemble the arc spe(‘trum of neon, and 
similarly for the other pairs of elements in these two groups. Such is 
obscu’ved, qualitatively, to be the case. Quantitative evidence is not 
at hand, since the scries relations are as yet unknown for the spark 
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spoctm of t.h(> alkalis aial an- m>t kimwii at all f.., ih,. 

Kiiacs. But both an' aliko iii tla'ir coiitpl.Aif \ uf 1 1 urdif. \Vit| 
those atul a. few ollu'r facts Ki»si‘l ami >iiiimii‘ii<'ii! jiiuiiii r,! a ncncRt 
“ <lisphiceiiu'ut law” for spectra u'^ suiiuuari/cii in 1 abh' \ 111. 

TAHi.K VI II 

Rkua'I’ion iu' Alii' \M» Si'vtiK Sci.i n;\ 


(iroiij) 

Am. . . . 


Spark. . 


VIM, 0 


comph'X 

and 

t ripIntH 


I U HI \\ \ M VI! 

d(nil)l(‘l i triplrt duu}4.-f fripit'f" ?ij|*],.r 


conildt'X; donhlrt triplt*! ' d'-BiM*-?'* 11114**1' 

(and : 

{n]>lHs?l: 


Whore a ciuostion mark appears, tin* M‘rn‘s ridat li;a i* in ti ! ivm a> yr 
untangled in Uu‘ ma-ze of sptadru! linr^. llir tii^".p!:irruiiiii !:i« nIhU* 
that the spark sf>e(‘truin of any sim|dy ioid/otl id^itniif !r-sni!ilt!r,s thi 
arc spectrum of the element of nr\l lower atMiiiir nniiiiBi 

If an element losers t\V(» (deetrons ifH >'peiiriiiii Pr ^Imik 

to the arc spectrum the <*lement of ^eeniid h*\\rr afitioie inrndni' 
There is some indication of this sreond f vpe rd' in thi 

spark spectra of carbon and of .silirun, hut nothmir delriiifr- Iih'h n 
yet estahlish(‘d. Th(» dtnildy ioiii/<‘d !if,(dinii d.Mi!s!d rn\»* a spt*** 

trmn identical to hydn^gtm i^xeept that tin- inipoiiHii! 'hn.--. ^diuiild In* ii 
the extreme ultra-viokd'. The wave nii!iitfrr>'« NliMidt! t.prv fhr ripprnxi 
mate relation, analogous to hapiation Pe 



The series for which /P I. eouvergt*s at P A‘ tn' al«aif X lu| \. m •'d^eefni 
region of soft x-rays. Lim‘s in stu’ies tor higli!*r valiit''"! nf n\ whii'li lii 
in the neighborhood of the visildi* spiainim, have at Ijfiii ilioiigh 

to have hem d(‘teetc‘d in stellar spiaira, Inif the «*vi4*'iii'P* ntu eifiiriii 

sive, 

Ihe spectrum of a negatively charged atidii. one wlyeli liaM fittaelict 

an extra electron, should n^semhle the are speririiin oi i.ln* elemeiil t» 
next higher atomic* munlxn*. 


soKossd and Homrmrfdd, Vwh. <1. ,’Jt, pv ;*iii ..Vi |y|ii 
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From the foregoing discussion it appears that the behavior of the 
elements as regards their spectra is analogous to that in radioactive 
transformations where the emission of an alpha particle gives rise to an 
element two steps to the left in the periodic table and the emission of a 
beta particle, an element one step to the right. 

Spectroscopic Tables 

Until recently there have been but three tables of wavedengths 
available in which the lines have been correlated in series according 
to formulae of the Ritz or similar type; that of Dunz,^^ a supplement to 
Dunz’s tables prepared by Lorenser^^ and these same tables arranged 
with a different notation in a book by Konen.^^ In these tables the 
numerical values of all the variable terms in series formulae are con- 
veniently tabulated. 

The notation employed by Dunz and Lorenser is that of Paschen. 
Paschen originally proposed for all the ms terms, half integer values for 
m such as 1.5 s, 2.5 s etc. Later it was found that the f possessed no 
physical significance and hence more recent writers have included this 
factor in the series constant a of Equation (33). Whole numbers are 
therefore assigned to + n,. = m, viz. 1 s, 2 s etc., just as has been 
always done with the mp and other variable terms. Also the variable 
term mAp used by earlier writers for the Bergmann series has been 
changed to nib. Accordingly the only modification necessary to the 
tables of Dunz and Lorenser, excluding errors, is the subtraction of § 
from each value of 7n which refers to a ms or mS term and the substitu- 
tion of mb for mAp. However, since these tables were printed much more 
precise spectroscopic data have become available, especially in enhanced 
spectra which have been materially revised, and the entire subject has 
been l^rought up to the date April, 1921, by Fowler^‘^ in a book of nearly 
2Q0 purges, published March, 1922. 

The vast quantity of data in this book was computed before the 
physical significance of the -revised Paschen notation was appreciated. 
A notation is employed which is just enough different from the now 
generally preferred notation to be confusing to the beginner in this 
subject. The following table lists the essential differences between the 
revised Paschen notation which is employed in this book and Fowler’s 
notation. One should familiarize himself with both notations; with 
the first in order to appreciate the jiliysical significance on the basis of 

31 Dimz, Tlibingen Dissertation. 1911. 

32 Lorenser, Tubingen Dissertation, 1913. 

33 Konen, “Das Leuchten der Gase iind Diimpfe. ” 

3i See general reference 5 at end of chapter. 
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Sommerfelds iui(Tprrtation. wiili tlu* MM'i.iiti ii! i.rd^-r In nl4:iiii 
the nunierieal values iroiti I*(»wl<a’ > tabln-i 


:is(‘(l I’iisc 

•hen Xtdafinn 

.1 

. <u U I \ ' 0 ,i,f iMj} 


1 s, 


I s. 

2 .n' 


2 /', 

2/^ 

! i\ 

2 /‘ 


:{ 1). 

4 I) 

Z IK 

2 /i 


1 .V, 

2s 

I 

2.^' Ml- 1 0. 

2 tf 

2i>. 

2/. 

1 IK 

2 p nr I 

• * 

2 d, 

4 d 

2d. 

li </ ni" 2 f’b 

2 i) 


.1/> 

li/. 

■1 J or n V(, 

■1 

1 ©, 

2© 

t Cf. 

aVt 


2%\ 


1 .7, 

2 rt 


;$ 3>, 

•I'P 

2o. 

li 0 


•1 ii', 


a 

■1 



In Fowler’s notation, singlot, ilouldol ami aeries are dii- 

tinguished respeetivedy by eapital, t ireek anti ainalt leflr*r abbreviatmai. 
The ordinal numeral m, however, may bedilTerent fmin that in f lie revise 
Pasehen notation. The following exainitles M^rve rm illnsi rjii iiuis,, 


Pi'i’n'hrn 


I-Mttlrr 


Principal HoricH of douhlets of alkalis. I h - 

1st 8iil)or<linat(^ (diauHi*) nerios nf 1 
doublets of alkalis \ 'Z p • 

2d aubordinaU' (Mhan)) series <4 ; 
doubleta of alkalis . Z p 

Bergmann (fuiHlaauaital) w'nVs of . 
doublets of alkalis 4 

Principal series of triplets of alkali ! 

earths . I I s ^ ■ 

Ist Hubordinati*. seru's of triph'ls of 

alkali earths. \ Z p 

2d subordinate senes of triplets of 1 
alkali earths 

Principiil series of singlets tjf alkali i 
earths d IS 

Combination series of singkrts of id- | 
kali earths I 1 X - 

Principal series of doublets of ionis^isl I 
alkali earths. | 13 

lat subordinate si^ries of doublets of j 
ionized alkali earths . ! 2 ^1? 

2d subordinate series of doublets of 

iom/ed alkali ('urths, . . . 2 f 


mp, m 2, ,1 I *,t , m .... 2 

wd» m — ll, -I I m - 2, II 

Hi.’;, m 2, 2 I » m - 2, If 

m I, .2 2 m — If, 4 

m/», ?n 2i, t I nip^ jh ~ 2, II 

m*l, m J, I I p m 2, II 

mh, m “■» I. 2 I I' 1/2 

m -- 2, 11 I S' fni\ f?i |„ 2 

mpj, m — 2, 2 I iti - / 2 

HI ™ 2 * .1 1 »..» fr,t, ?'!’ ■-» I, 2 

la'I', m — II, "I I s* r.iiA, 2* II 

Hi 3, w - 2, II I m mif, m - 2,11 
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These are merely some of the more striking differences in the nota- 
tions. For the minor differences in the many combination series, refer- 
ence must be made to the original tables. Throughout this book we 
shall refer to fundamental lines as those belonging to series converging 
at 1 s, 1 S or 1 ® . They are lines concerned with interorbital transitions 
for which one orbit represents the normal state of the unexcited atom. 
They are ai^ccordingly fundamentally important lines from the standpoint 
of atomic structure. Fowler and some other English and American 
writers use the term ^'fundamental” in reference to what we have called, 
following the German custom, the Bergmann series. While the latter 
nomenclature undoubtedly gives unwarranted credit to Bergmann it is 
preferred to the nomenclature "fundamental,” since physically this 
series is quite remote from fundamental. 

In the computation of series limits and variable terms Fowler em- 
ploys the Hicks instead of the Ritz formula as follows: 


(m, a) 


N 


(A) 


Referring to Equations (33) to (37), the variable term of the Ritz formula 
takes the form 


(m, a) 


N 

[m + a + ac(m, a)]^ 


(B) 


Carrying out the expansion involved by (m, a) in the denominator and 
dropping terms beyond m which are relatively small, especially when m 
is large, we obtain: 


(m, a) 



(C) 


On comparing this to (A) we note that since in (A) the ordinal number m 
occurs as the first power in the third term of the denominator while in 
(C) it occurs as the square, a' is not identical with acN and a may differ 
somewhat from a'. 

Since Fowler also uses different values of m, the numerical values of 
all variable series terms (m, a) will be very slightly different when com- 
puted by the two formulae. Fortunately the third term in the de- 
nominator is small, a correction term, so that these discrepancies are of 
little importance. A series line is always made up of the difference of 
two terms and is so computed that the difference is practically the same 
with each system of notation, since it must give the observed line. Limits 
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corresponding ring. Since, as seen from Table III, the inner rings con- 
cerned with the production of x-rays all contain several electrons, the 
spectral series relations cannot be given by a simple formula of the 
Balmer type. It is necessary to consider the modifying effect of the 
other electrons in the various rings. 



Fig. 3. Simple diagram showing prominent x-ray lines. 


The Ka line, for elements of atomic number 10 or greater, is probably 
the result of an interorbital transition represented as follows, where the 
figures and letters denote numbers of electrons in the groups specified 

Jv-ring L-ring ilf-ring 
initial condition 1 8 r 

final condition 2 7 r 


By aid of Equations (50) and (51) we shall compute the total energy of 
the rings in the initial and in the final conditions. 


Initial Condition: 


= - NhcZ\ 

IT, = -2Nhc{Z-Zm\ 


rNhc 


(^ 



w, 
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(54) 

(55) 

(56) 
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Final Condition: H’,, -- ~ - f"’'/ • (57) 

flV- I "' V/.-'../ . (r,H) 

ir,.- d .) ■ (5<1) 

Subtracting tho vnlut' <4 the tnfal filial i-n.-a-.v iVum ilia! ni' th,' total 
initial onergy and ('((uaf ing this fn A<‘s’ uc ubtaiii : 

For Ka - yxQ, - .],) KW) 
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Sp = 0.2i) we arbitrarily put tt. Id we uhpun 
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Just as iB the case with hydrogen and ionized helium where we find 
each, line several components, so with x-rays. Instead of the 

simple structure schematically indicated by Figure 3, many other x-ray 
lines are observed. A two-quantum L electron may move in either a 
circle or an. ellipse. Likewise the M orbits of quantum number three 
niay be either a circle or two types of ellipses. Hence we obtain doublet 
separations in the K and L spectra, due to the two forms of L orbits. 
The fine structure of x-ray lines, which is still more complicated than 
that just indicated, will be described in detail in Chapter IX. It is 
of interest here merely to mention the Sommerfeld derivation of the 
magnitude of the L-doublet separation as obtained from relativity 
considerations. The method is analogous to that used in deriving 
Equation (24) for the hydrogen doublet. Employing Equation (20) 
we compute the energy of a single electron for the orbit Ua + n,. = 1 + 1 
and for the orbit Ua + Ur = 2 + 0. The difference in these energies is 
equal to hcA.v. One point must be noted, however, in that instead of 
the atomic number Z, we use Z' = Z — z. This is simply another 
method of correcting for the effect of the other electrons in the atom. 
For most of the elements z = 3.50, empirically determined, but it is 
evident that this is only an approximate method for representing nuclear 
defect and cannot be applied to elements of very low atomic number. 

We accordingly obtain from Equation (20) the following relation 
in which the development is carried as far as the sixth power of the 
constant o'. 

Av = [l + II +...]. (62) 

Replacing by 16 Ai^h? Equation (24), we may compute the L-doub- 

let separation for any element in terms of the separation of the hydro- 
gen. doublet. As an example, for uranium, Z' = 92 — 3.50, we find 

= 8.17 • 10^ Aj^h = 2.98 • 10^ em'b 

The observed doublet separation for uranium is 3.02 • lO"^ cm“ bin excellent 
agreement with the above computed value which represents an extra- 
polation of eighty million-fold. We here see that the fine structure of 
the hydrogen Balmer lines is carried throughout the entire range of 
eleraents, appearing in their K and L x-ray spectra, on an increasingly 
greater scale of magnification as the atomic number progresses. 
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Chapter II 
Energy Diagrams 

lient to represent the various stationary states of a 
by schematic diagrams. For example, in the case of 
bal energy of the atom is a minimum when the electron 
;t orbit, total quantum number 1, as is evident from 
'17) or (20). When the electron is displaced to infinity, 
jhe sphere of influence of the core, which practically is a 
aice, the total energy is all potential and is a maximum, 
two positions we have many orbits where the electron 
ediate values of the total energy corresponding to the 
numbers n = 2, 3, 4, etc. In general it is more con- 
der instead of the total energy of the electron, the amount 
d to displace it from an inner to an outer orbit. Hence 
rbit is ascribed the largest numerical value of the work, 
;7-ork necessary to displace the electron to infinity. Such 
lydrogen is shown in Figure 4. The first orbit, = 1, 
215.6 X 10”^^ ergs; the second to 53.9; the third to 23.95, 
t requires 215.6 X ergs to completely remove the 
:s inmost stable position in the hydrogen atom, and 53.9 
o remove it from the second orbit, etc. The various 
lydrogen arc shown on this diagram. For example Hq. 
insition from orbit 3 to orbit 2. Referring to the energy 
ght we accordingly find that this represents an energy 
ergs. (This value is obtained by taking the differ- 
Ee energy values corresponding to the head and tail of 
ved a. Note that logarithms of energy are plotted on the 
obtain an open scale.) Similarly the energy required to 
ission of one quantum of any frequency represented by 
of hydrogen may be read from this plot. On the com- 
f the diagram the fine structure of the various lines is not 
tually orbit 2 is double and orbit 3 triple, as explained 
3xt, cf. page 27- 
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Usually in such diagrams we are more concerned with the wave 
number v of the radiation. It is accordingly desirable to plot instead 
of log energy the equivalent value of log v. In this case the difference 



Fig. 4. Energy diagram for hydrogen. 


in wave numbers corresponding to the initial and final orbits gives di- 
rectly the wave number of the emitted radiation. Such a diagram for 
sodium is shown in Figure 5. All of the p-orbits are really double, but 
their separation is indistinguishable on this, small scale of wave numbers. 
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Each D-line is represented by a transition from the initial 2 p orbit 
to the final 1 s orbit, and its wave number is given by the difference 
in wave numbers corresponding to these two energy levels 24472 or 
24489 to 41449. Similarly for all other lines as far as shown on the 
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Fig. 5. Schematic representation of the arc spectrum of sodium. 


plot” (to the term 5 p). The first four lines of the principal series are 
indicated by arrows terminating at the convergence frequency 1 s, the 
electron falling from 2 p, 3 p, 4 p, 5 p respectively to 1 .s. The first lines 
^of the 1st and 2d subordinate series are indicated by arrows terminating 
at the convergence frequency of these two series, etc. 
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Log. Wave Number 

Fig. 6. Schematic representation of the arc spectrum of magnesium. 
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Figure 6 shows a similar diagram for the arc spectrum of magnesium, 
wilh several of the fundamental lines indicated by arrows. Making 
use of the quantum relation hch = eV- 10®, we may express wave number 
in terms of the potential difference V through which an electron must 
freely fall in order to accumulate an amount of kinetic energy equivalent 
to a quantum of radiation of wave number v. Expressed in volts we 
find : 

Volts = F = 1.2345 • 10~^ ) 
or y = 8100 V i 

Expressed in tenns of wave-length \ measured in Angstrom units, we 
find: 

V = 12345/X. (64) 

The terminology ''volts” by universal custom is used to signify a 
variety of meanings where the more precise statement of fact requires 
several words and is inconvenient. For example, instead of stating 
precisely that we refer to the velocity of an electron which has been 
accelerated through a potential difference of x volts, we may express 
this fact by stating that the electron has a velocity of x volts . Similarly, 
we may use the expression "an energy of x volts” meaning the value of 
the kinetic energy of the electron referred to above. With the quantum 
relation hfy = eV- 10® tacitly understood, we may speak of frequencies, 
wave numbers and wave-lengths of x volts, meaning for example the 
wave number derived by substituting x for V in Equation (63), etc.^ 

In Figure 6, for example, a displacement of one electron to the left 
from 1 S to 2 p 2 requires 2.70 volts work. The electron in returning to 
1 S gives up this energy as a quantum of radiation of wave-length 4573 A. 
The arrow-head shows the direction and end of the displacement in each 
case. 

Figure 7 is a schematic representation of the enhanced lines of 
magnesium. It is noted that one of the valence electrons is absent, 
which fact greatly alters the values of the different energy or wave 
number levels. The first pair of each of the three series. Prin., 1 © — 
m 1st Sub., 2 $ m if), and 2d Sub., *2 ip — m 0, is indicated by 
arrows. 

The above examples illustrate the usefulness of such energy diagrams. 
All mathematically possible series and combination lines are given by 
the frequency differences of pairs of energy levels. The various levels, 

1 Language serves two purposes; one in a deftnitional sense, whore preciseness is requisite; 
the other for the conveyance of ideas, where conciseness is essential. It is in the latter sense 
that the above inexact yet unambiguous notation is justifiable. 
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however, are concerned with only the total quantum number. No 
differentiation between azimuthal and radial quantum numbers is 
made. The so-called Grotrian diagrams remedy this difficulty. These 
possess the additional advantage that the fine structure, doublets, etc., 
may be readily indicated. 

Figure 8 is such a diagram for hydrogen. Three coordinates are 
employed: as abscissa, logarithm of the wave number; as ordinate, the 
azimuthal quantum number; and a third system, indicated by dotted 
lines, the sum of the azimuthal and radial quantum numbers. Each 
point shown by a small circle represents a wave number or equivalent 
energy level which may be computed from Equation (20) b}^ the proper 
assignment of azimuthal and radial quantum numbers. A spectral 
frequency is indicated by a straight line between two points and its 
numerical value is given by the difference in the wave numbers corre- 
sponding to each end of this line. By the Bohr principle of selection the 
change in azimuthal quantum number — dz 1. Hence all straight lines 
representing spectral frequencies must terminate in adjacent horizontal 
lines of constant azimuthal quantum number. The group terminating 
at the upper right-hand point represents the Lyman series, each member 
of which is a singlet. The plot shows Ha and of the Balmer series, 
each member being a triplet and hence appearing three times. The 
first line of the Paschen series, which is a quintuplet, appears five times 
on the chart, and is designated by the letter P. 

In a similar manner the spectra of the heavier elements may be 
illustrated. Figure 9 represents sodium. The double mp terms, all 
having the same azimuthal quantum num!)er 2, are shown by and 
mp 2 - All lines representing the principal series terminate at the upper 
right-hand point and each occurs twice on account of the doiible- 2 ^ 
values. The two D -lines are marked with their proper wave-lengths. 
The straight lines representing the 1st and 2d subordinate series all 
terminate at 2 p and again occur twice because of the double values of 
mj). The above discussion illustrates the use and construction of these 
diagrams for representing series relations. We shall have occasion to 
refer to them subsequently. 



Chapter III 

Ionization and Resonance Potentials for the Element 

When electrons are accelerated through gas or vapors there a 
especially for monatomic gases having a small electron affinity and t 
metallic vapors, well-defined critical velocities at which a large ti’ans 
of energy takes place between electrons and atoms. For velocit 
below this minimum critical value the collision is elastic, the elect! 
rebounding from the atom with usually an alteration in its directi 
of path but with the same kinetic energy. In general two types 
inelastic collision occur, one in which an outer electron of the at( 
undergoes an interorbital transition, and the other in which an on 
electron is completely removed. In the latter case the atom is simpl 
ionized, having a total net charge + e. The potential through which 
electron must fall in order to accumulate just sufficient velocity 
produce the first type of inelastic collision has been termed by Tate a 
Foote the resonance potential. The corresponding value for a collisi 
resulting in ionization is known as the ionization potential. In gene 
there may be several ionization potentials corresponding to the remo^ 
of 1,2, 3, etc. electrons, but only simple ionization will be considered 
the present section. Experimental evidence has shown that the h 
in kinetic energy of the impacting electron during a collision of i 
^hesonance^’ type is equal to the resonance potential, whetheu' t 
initial energy be exactly equal to or greater than that correspond! 
to the resonance potential. Whether or not this be true in the case 
ionization remains to be demonstrated, for it is possible that the eject 
electron may leave the atom with any velocity whatever, dependi 
upon the nature of the impact. 

Since energy is abstracted from the impacting electron and absorl: 
by the atom, the total energy of the atom, following a collision, is 
creased by an amount equivalent to either the resonance or ionizati 
potential. When the atom subsequently returns to its normal state t 
energy is emitted in the form of radiation. In the case of ionization 1 
electron may return by a variety of interorbital transitions, each result] 
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in an emission of a quantum of wave number subject to the conserva- 
tion of energy condition: 

2/icV* = eVi • 10®, 

where is blie ionization potential. With numerous atoms and elec- 
trons returning to equilibrium in different manners, we have as the 
composite re snlt an emission of the complete arc spectrum. If an elec- 
tron returns Lo the normal orbit directly without passing through inter- 
mediate states of equilibrium, but one frequency is emitted, which is 
the higrhest frequency in the arc spectrum. This frequency, as is evident 
from a consideration of the energy diagrams Figures 4 to 9 and Equations 
(34) to (37) 5 is the highest convergence frequency of any series of the 
arc spectrum, the wave numbers 1 s for the alkalis and 1 S for the metals 
of Group II of the periodic table. In the normal unexcited atom, ac- 
cordingl37', the outer electron concerned with emission of spectral lines lies 
in the 1 s or L S orbit. 

The energy absorbed by the atom at the resonance potential is not 
great eirough to completely eject an electron, but rather is just sufficient 
to displace ib to a neighboring orbit of higher energy value. We have 
found experimentally that the alkali metals possess a resonance potential 
corresponding exactly to the amount of work required to displace an 
electron from the 1 s orbit to the 2 p orbit, the first energy level above 
1 s. For sodium, as illustrated by Figure 5, the energy absorbed by 
the atom is 2.10 volts. The electron accordingly in returning to its 
normal orbit releases this amount of energy as a quantum of radiation 
of wave nunxber v = I s — 2 p; that is, the D-lines and no other lines 
of the sodium, spectrum are emitted. Since both D-lines are emitted 
it may be expected that two resonance potentials exist, but if so the 
difference in their values would be many times less than our errors of 
measurement. It is doubtful whether any conclusion in this regard may 
be drawn from the fact that we found a single resonance potential for 
caesium where the doublet separation is considerably larger. There is 
on the other hand a vague possibility that the component of higher 
frequency is the determining factor for the resonance potential, in 
rather superficial analogy to the excitation of the K series at the mini- 
mum potential corresponding to Ka. 

In the case of the metals of Group II of the periodic table the authors 
have found that two resonance potentials exist. One of these cor- 
responds to the energy required to displace an electron from its normal 
position in the 1 S orbit to the neighboring orbit 2 p 2 . The electron in 
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returning to the 1 S orbit gives up this energy as a quantum of radiation 
of wave number v = I S - 2 Only the single line is emitted. In 
fact the corresponding frequencies 1 jS — 2pi and IS 2 ps are absent 
even in the complete arc spectra of these metals. The I’eason for these 
missing terms is explained, not at all satisfactorily, however, by Sommer- 
feld’s theory of “internal quantum numbers” and is beyond the scope of 
the present book.' 


TABLE X 


Resonance and Ionization Potbntlals, Group I 


Element 

z 

Series 

Notation 

V 

Volts 



Com[)uted 

Observed 

Li 

3 

Is 

1 s — 2 Pi 

43,486 

14,903 

5.368 

1.840 


Na 

11 

1 s 

1 s — 2 Pi 

41,449 

16,973 

5.116 

2.095 

5.13 

2.12 

K 

19 

1 s 

35,006 

4.321 

4.1 



1 s — 2 Pi 

13,043 

1.610 

1.55 

Cu 

29 

1 s 

1 s — 2 Pi 

62.308 

30,784 

7.692 

3.800 


Rb 

37 

1 s 

1 s — 2 Pi 

33,689 

12,817 

4.158 

1.582 

4.1 

1.6 

Ag 

47 

1 s 

1 s — 2 Pi 

61,096 

30,473 

7.542 

3.762 


Cs 

55 

1 s 

1 s ~ 2 Pi 

31,405 

11,732 

3.877 

1.448 

3.9 

1.48 

Au 

79 

1 s 

1 s — 2 Pi 

70,000? 

41,174 

8 to 9? 

5.1 



The second resonance potential corresponds to the energy required 
to displace an electron from its normal position in the 1 8 orbit to the 2 F 
orbit. If the electron returns directly to the 1 S orbit without passing 

> Sommerfeld, “Atombau,” 3d Ed., Chap. 6. SecUou 5. 


TO]S]^IZATION AND RESONANCE POTENTIALS 63 


through intermediate states of equilibrium, this energy is liberated as a 
quantum, of radiation of wave number v = 1 S — 2 P, These transi- 
tions are illustrated in the case of magnesium by Figure 6, the resonance 
potentials being 2.70 and 4.33 volts. 

In general we note that the ionization potential of a monatomic 
vapor cojTX'esponds to the highest convergence frequency in the arc 
spectrum of the material; to the limit of a series the first line of which 
correspoircis to a resonance potential. Exceptions to this general rule 
will be given individual attention later. As will be considered in more 
detail under a separate section^ these series are absorption lines for the 
normal abom, so that ionization and resonance potentials in certain 
cases may be predicted from a knowledge of the prominent absorption 
lines. 

Group I : Table X shows the ionization and resonance potentials 
for metals in Group I of the periodic table. The computed values are 
obtained from the series relationships and are to be preferred to our 
direct experimental values for all computations in which a consideration 
of ionization and resonance potentials enters. No satisfactory results 
have been, obtained with copper, silver and gold, although we have made 
very elaborate and extensive experiments. The difficulty is of a pyro- 
metric na^ture, temperatures of 2000° C and a high vacuum being re- 
quired, However, from series relationships and a consideration of the 
absorption or ^‘^reversed^^ lines the computed values are probably correct. 

Grou'p II: Table XI shows the computed values of the resonance 
and ionization potentials for elements of Group II of the periodic table, 
together with the experimental values obtained by the authors.^ 

Groii'p III: The series relations in this group, which includes alumi- 
num, gallium, indium, and thallium, should be similar to that of the 
alkali metals. The arc lines have been beautifully correlated in series of 
this type, consisting of widely spaced doublets, but the convergence 
frequency of the principal series is smaller than that of the subordinate 
series — a. fact not easily reconciled with the quantum theory unless 
the observed principal scries is of a second type converging at 2 5 instead 
of 1 s. This would indicate that the most important principal series 
which converges at 1 s is as yet undiscovered. If so most of the lines 
except tbe first term should lie in the extreme ultra-violet. It is of 
interest -th-at several lines supposedly of the arc spectrum have been 
observed "which have a greater wave number than the highest known 

2 Of. OJtiapter IV. , ^ ^ 

» For dLa^ta by other observers, see general references at end of chapter. Several of the 
experimental values in Tables X and XI were obtained by Tate and Foote. 
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convergence frequency, again indicating that 1 s remains to be dis- 
covered.* 


TABLE XI 


Resonance and Ionization Potentials, Group II 


Element 

Z 

Series 

Notation 

V 

Volts 

Computed 

Observe*! 

Be 

4 


> Idg ? 

> Mg? 


Mg 

12 

IS 

61,672 

7.613 

7.75 



IS -2p2 

21,871 

2.700 

2.65 



1S-2P 

35,051 

4.327 


Ca 

20 

IS 

49,305 

6.087 

6.01 



IS -2pi 

15,210 

1.878 

1.00 



1S-2P 

23,652 

2.920 

2.85 

Zn 

30 

IS 

75,767 

9.353 

9.3 



1 S — 2p2 

32,502 

4.012 

4.1B 



IS-2P 

46,745 

5.771 

5.65 

Sr 

38 

IS 

45,926 

5.670 




IS -2p, 

14,504 

1.791 




1S-2P 

21,698 

2.679 


Cd 

48 

IS 

72,539 

8.955 

8.02 



IS -2p2 

30,656 

3.784 

3.95 



1S-2P 

43,692 

5.394 

5.35 

Ba 

56 

IS 

42,029 

5.188 




1 S — 2 Pi 

12,637 

1.560 

- 



1S-2P 

18,060 

2.230 


Hg 

, 80 

IS 

84,178 

10.392 

10.2 



IS -2pi 

39,413 

4.866 

4.76 



1S-2P 

54,066 

6.674 

6.45 

Ra 

88 

IS 

40-50000? 

5-5.5? 




IS -2pi 

12,500? 

1.5? 




IS -2P 

20,700? 

2.6? 



4 These are conveniently summarized in tables by Fowler, “Report on Series in 
Spectra,” Chap. 17. 
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The only critical potentials known for this family are our measure- 
ments on thallium, which are rather unsatisfactory. We found a reso- 
nance potential 1.07 volts and an ionization potential 7.3 volts. The 
resonance potential corresponds closely to the component of higher 
frequency of the first pair of Paschen's principal series usually given as 
V = 1 s — 3 Pi but which more likely should have the notation v — 2 s 
— 3 Pi = 8683,3 ^ 1.07 volts. This exact agreement with experiment 
is accidental, and in case this frequency is 2 s — 3 pi, it probably has no 
physical significance whatever, as the determining wave number then 
should be 1 s — 2 pi. The observed ionization potential corresponds 
to a value of 1 s of about the magnitude to be expected but greater than 
any convergence frequency known at present. More observations on 
critical potentials for this group should be made; our work on thallium 
should be repeated with greater care; and the spectral series relations 
should be further investigated with the object of finding higher con- 
vergence frequencies for the principal series of all the metals of this 
family. 

Group IV: The series relations for this family are in a very un- 
satisfactory state,® and there is little hope for directly determining the 
critical potentials of such highly refractory elements, except lead, unless 
an entirely new method of experimentation should be devised. We have 
tried without success the vaporization of such refractory materials in a 
high vacuum, using a small crucible and projecting an approximately 
unidirectional stream of the vapor through the ionization chamber. 
The problem is most difficult both from the standpoint of electrical 
measurements and of pyrometry. Our results with lead by the usual 
method gave for the resonance potential 1.26 volts and for the ionization 
potential 7.93 volts. The first point coincides with an isolated group of 
infra-red lines, observed by Kandall, the shortest wave-length of which 
is X = 10291 = 0 = 1.30 volts. 

Group V: Series relations are unknown® and it is questionable 
whether measurements on critical potentials of polyatomic vapors 
give any direct indication of spectral frequencies of line series since 
the work of ionization, for example, may include that of dissociation 
of the molecule into atoms.^ It is even possible that the hand spectra 
of polyatomic vapors are more closely related to the values indicated 
by critical potentials. In Table XII the potentials for antimony and 


5 I^'owler summarizes the present meager knowledge of the series spectra of these elements 
in two pages, loc. cat., pp. 163--4. 

8 Fomer, loc. cit., p. 164. 

7 See latter part of Chap. VIII. 
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bismuth, arc unreliable. Although we have made numerous deter- \ 
minations each one of which appeared satisfactory by itself, the different f 

observations showed wide deviations, possibly accounted for by the i 

formation of polarization films on the electrodes. It should be pointed ^ 
out that observations on ionization potentials without corresponding 
data on resonance, for velocity corrections, are of little value with non- j 
metallic vapors^ as surprisingly large errors arise in ^'initial velocities” ; 
determined by the usual velocity distribution curves. Such is not the f 
case with metallic vapors and the rare gases. I 


TABLE XII 

Eesonance and Ionization Potentials, Group V 


Element 

Z 

Observed Potential, 
Volts 

Remarks 



Resonance 

Ionization 


N 

7 

8.18 

16.9 

Lines at X 1494.8 and 

P 

15 

5.80 

13.3 

X 1492.8 = 0 = 8.27 volts. 
Ionization at 17.75, 
25.4, 30.7 observed 
by Brandt.^ 

As 

33 

4.7 

11.6 


Sb 

51 

? 

7.8-8.5 

8.(>-8.5 

Uncorrected for initial 
velocity. 

Bi 

83 

2.0 




Group VI: Our knowledge of the spectral series of these elements^ 
is confined to oxygen, sulphur and selenium. Principal, 1st and 2d 
subordinate series of both single lines and triplets are known for oxygen, 
and a similar triplet structure for sulphur and selenium. There is no 
apparent relation between the values of the series terms and the observed 
critical potentials. For example, Fowler lists 1 S and 1 s for oxygen 
as y = 33043 and v = 36069 respectively, corresponding to roughly 
four volts, whereas the ionization potential is nearly sixteen volts. This 


• Brandt, Z, Pliysik, 8, pp. 32-44 (1921). 
Hughes, general references at end of chapter. 

* Fowler, loc. dt., p. 166. 


For data on nitrogen by other observers see 
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lack of a,^reeraeiit might be due to the fact that the wave number v = 
33043 is really 2 S instead of 1 S and that 1 S is as yet unknown. On 
the other hand it is more probable that the ionization potential is char- 
acterisbie of the molecule, as above mentioned, and hence has only a 
remote relation to spectral frequencies for the atom. Table XIII 
summarizes our data on several of the polyatomic elements in this 
group. The values for selenium and for tellurium are questionable. 


TABLE XIII 


-RniSONANCE AND lONIZATION POTENTIALS, GrOXJP VI 


Kleixient 

z 

Observed Potential 
Volts 

Remarks 



Resonance 

Ionization 


o 

8 

7.91 

15.5 

See Hughes for data 
by other observers. 

S; 

16 

4.78 

12.2 

Se 

34 

3.0-3.5 

12-13 

(12.7 observed by 
Udden.)!^ 

Te 

52 

2.3-2.9 

? 


Gtoxl'p VII: Spectral relations unknown.^^ Hughes and Dixon^^ 
observed a critical potential in chlorine at 8.2 volts and in bromine at 
10.0 voltrS^ but whether these are ionization or resonance potentials is 
uncertain. For iodine we have found a resonance potential of 2.34 =b 
0.2 volts and an ionization potential of 10.1 ± 0.5 volts. Smyth and 
Compton^^ observed ionization of molecule at 9.4 volts, ionization of 
atom at 8.0' volts and ionization of fluorescing molecule at 6.8 volts. 

Saha, Nature^ 107 ^ p. 683 (1921), states that Catalan in some unpub- 
lished work has found 1 S for manganese. His value gives 7.38 volts 
for the computed ionization potential, which is consistent with the 
behavior of the element in the solar spectrum, as mentioned on page 172. 

Gro'hc'ps VIII & 0: Table XIV summarizes mainly the work of Horton 
and Davies^^ on the rare gases, work which has been done apparently 


10 See seneral references at end of chapter, 

11 XJa.a.e5n, Phys. R., 18, p. 385 (1921). 

12 prowler, loc. cit., p. 173, summarizes some data on manganese triplets. 

13 ECTJ.@33.es and Dixon, Phys. R., 10, p. 495 ^917). 

14 Smy-tlj and Compton, Phys. R., 16, pp. 501-13 (1920). 

16 Horton and Davies, Proc. Roy, Soc., 95, p. 408 (1919); 97, p. 1 (1920); 98, p. 121 
(1920); HlJil. Mag., 39, p. 692 (1920). 
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with high precision and the greatest experimental skill. The data 
of these and other observers are tabulated by Hughes. 

TABLE XIV 


Resonance and Ionization Potentials, Group 0 


Element 

z 

Observed Potential Volts 


Resonance 

Ionization 

He 

2 

20.4 

25.6 



21.2 

(25.4 Franck and Knipping^s 

later 25.3) 

(25.5 Compton 

Ne 

10 

11.8 

16.7 


17.8 

20.0 

22.8 

A 

18 

11.5 

15.1 



No data on the metals exist either in regard to spectral series^® 
or critical potentials. 

Hydrogen, Hughes lists the work of eleven groups of experimenters. 
In Table XV we summarize the values obtained by Horton and Davies^^ 
and by ourselves. 

TABLE XV 


Resonance and Ionization Potentials, Hydrogen 


Resonance 

Ionization 

Observers 

1st 

2d 

1st 

2d 

10.5 

13.9 

14.4 

16.9 

Horton and Davies 

10.4 

12.0 

13.3 

16.0 

1 

Mohler and Foote (Revised 
from more recent data. 
Earlier published values 
were 12.2 and 16.5) 


js Franck and Knipping, Zeit. Pkysik, 1, p. 320 (1920). 

Compton, Phil. Alag., 40, p. 553 (1920). 

Proc^^^ 7 ^Soc ^°97 ^^^23^ 1900^°^’ relations exist. 

20 Alohler and Foote, Bur. Standard Sci. Paper, 400; Phys. B., 19. pp. 419-20 (1922). 
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The Normal Helium Atom 
Wiiile the tiieuiy yields results the greatest precision in 

the case of lieruiin, a satisfM(d;ory interpretation of the normal 

ludiurn atomcx wihl^ two electrons proves to be very difficult. The simple 
liolu* tlKior^r a.ssxinied that the two electrons revolved in a single circular 
orbit aboxiti the- niudeus of (‘,harg(', + 2 c. By Equation (50) we obtain 
accordin^Ty for th(‘, total oiun-gy of the atom: 

W == — 2 (2 - 0.25)= = - 1.321 • 10 “ erijs ^ - 83.0 volts. (65) 

Thc^ of tdie simply ioniziMl atom is ol)tained by the same equation 

or l)y h]cfvia.tioii givi^s dircadty the value — 54.2 volts concerning 

whicli there be no (puvstion, as it is ilerivi^l from the solution of the 

simple prol^leni of two bodi(‘s whh^h has liecm am])ly devcdopiul and 
verifual itx the (uirlier part of this book. The difference in these two 
values, B3.0 — r)‘1.2 = 28,8 volts, should give the ionization potential 
of Indiviin., wheta'as by dircH^) (^xp(u*iment we find about 25,5 volts, a 
sufficieiibly imsatisfaetory agreenuuit to warrant tlu^ nqiH^tion of this 
structure f<'>x* tlie normai h(4ium atom. Furthermore it is not in accord 
with tile Icrtowii diarna.gn(‘ti(^ pro[)(‘rti(\s of helium. 

IlhUiitn^^ j>ossess('s two indeixanhmt groups of series in its arc spec- 
trum, a Biri^lc Hue and a doubh^/ system, betwixm which no combinations 
what{'V<'r oeemr. This piMuilia-r Ixdiavior imnuHliabdy sugge^sts that tlic 
systimiB ixx’i^o In two caitin^ly difhuHmt configura^tions of tlu‘ helium atom. 
In fact it Wits thought tha,t IxTuim must lx‘ a mixtur<M)f two gas(‘S, 

for couveriuuic^<* caiUxl (U’fJiolu'lium and parluTmm, names now ntaiiuul 
to ihmote tlic^ Iavo typ(‘s of atomic*, (‘onfiguration. 

Figure lO shows tin* s(u-i(*s n'lal.ions for h(‘liuin. Tlu* upixu* half 
reprt'smits tli<^ singh'-ruu' sysban asc^nlxMl to paiiu^lium. Tin*, lowm’ 
half of tdie figj:ur<‘ shows tlxMloubh^t syst.ian of ortholx^lium. Tlu^ doul)- 
k4s eiXtUHMlingly <‘los(* a, ml lienci* do not app(air r(*solv<‘(l in this dia- 
gram, III the*, uolation w(* r<‘pr(‘S(‘ut, as usuaJ, siugl(*(, serit's by (‘apiial 
Icit(U\s u ii<l doul)l(*t sc'ri(*s Iw low(*r (*as(* hd.tiu’s. The higlu^st (X)nverg(*nc:e 
limits 2 JS irucl 2 s for tlu\s(‘ two groups {‘.ornsspond n*sp(Hd4vt4y to 8.954 
ami 4.747 voU-s. If (‘itlua* of th(*s(' sta.i.(‘S r(‘|>r(‘S(‘nt(Mi tlu* normal atom, 
one of till*; vadues nmned should lx* llu* ionization pob'ntinl, and the 
stability of t/h<* a.t.oin would lx* but, 1/7 tlx* o1)S(U’V(h 1 stability. Tlie 
most aliviouB .sU^p acc‘onlingiy is to idimf-ify tlu* normal siab^ with 
(*iiher t S or I .s, to which should eorn^spond flu* (‘Xp(a*inu‘u(ul vahu* for 
the ionizittioii pot.c^iilial. 

Ftiwlor* li>i'., jK HO. 
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ll\e first electron bound to the helium nucleus revolves in a 1 quan- 
tum circular orbit. The second electron cannot in the normal state 
revolve in a coplanar orbit which surrounds the first because (a) the 
readily computed energy relations are not in agreement with ionization 
potential measurements and (b) the configuration would r(^semble 
lithium and sliould have a positive valences As already mentioned 
(cf. discussion of Equation (65)), tlie two electrons ca,nnot revolve in 
the same orbit, and as Eohr points out there is no type of transition con- 
ceivable between a state^where the electrons occu])y different orl)its iind 
that state in wliieli the same orbit is occupied. 

Bohr^- concludes that in the normal sta-fe lx)th electrons mov(^ in 
1 q\iantum paths which make an angles of 120 dt^grcHis witli each other 
as shown in Figure 11. To a first approximation tlu'se are circular 
orbits. On account of the mutual action of the two ele(*trons, howev(‘r, 
there is a slight deviation from the true circle, and tlie two orl)its rotat^^ 
slowly about tlie fixed axis of angular momentum of tlie atom. Bohr 
states that wliile tlie matluanatical analysis of this (hree-body probhau 
is not yet complete, preliminary computations iTidi(?atc that it will give 
the corrcHit valium of the ionization potential. 

Lande^*'* has shown that the single-line system belongs to a (o-ossc^d- 
orbit (Xinfiguration, whore one of the ele(‘.trons undergoes inttn'orbit-al 
transitions, while the doublet syshan aris(^s in transitions of th(‘ outta* 
electron in a coiilanar configuration. W(^ accordingly assign t.lie single!', 
spectra to parhelium and the doiililet spcad.ra to ortholutium. Normal 
helium is therefore the 1 aS state of parhelium. In the 2 ,s‘ state of ortho- 
helium the iniKa’ ekH'tron revolves in a 1 (piaiitum (urcuilar orbit, whik^ 
the outca' electron, according to Bohr, movers in a caiplanar dlipticai 
orbit of total (piaiitvim number 2 and azimuthal (piantum numlxa* 1. 
The 1 s stat(^ should ilicr(‘fore recpiire two electrons in tlu^ sanu^ (‘/ircnilar 
orbit at opposite^ (aids of a (lia.m(t(a\ Although this is tin* most st.able 
type of configuration, Bohr, as stated above, coiududes it (;annot bi^ 
formcal, and ae-cordingly wc hav(i no term 1 ,s* in the hdium s[>(H‘.trum, a 
hypotlu^sis also advanccal by Franck and R(a(!ie^^ from other consicku'- 
ations. 

Since Bohr’s mathematical computations on the dynami(‘s of th(\s(^ 
systems have not Ix^en published, we shall, following Franck and Knip- 
X)ing,2® compute 1 S from their obscawation on the ionization iiotcait ial. 

« Bohr. 7 j . l»hyKik. 9, pp. 1 "<’,7 (1922), 

« laiVHik. Z., 20. pp. 228 -24 (1919); 21. pp. 1 H-22 (1920). 

24 Z. PhyHik. 1, pp. 154-100 (1920). 

« Z. Bhyslk, i, p. 320 (1920). 
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One obtains 1 -S = 202910 «= 25.3 volts. Using the spectroscopically 
determined values of 2 S and 2 s, as shown in Figure 10, we hud 

1 S - 2S = 202910 - 32031 = 170880 = 21.1 volts 
1 )S - 2 s = 202910 — 38453 = 164460 ~ 20.6 volts 

These potentials correspond to the resonance potentials ot helium, 
the observed values of which are 21.2 and 20.4 volts, as giv(ui in Table 
XIV. It therefore appears that a 21.1 volt impact ejects an electron 
from the normal 1 S state to the 2 S state of parheliuiu, while a 20.6 volt 
impact ejects an electron from the normal 1 S state of the crossed orbit 
system to the 2 s state of the coplanar system, orthohelium. 

The existence of the wave number 1 S immediately sugg(^sts the 
presence of a principal series of the form IS — mP the first few t(U'uis 
of which may be computed from the known values of niP as follows: 


Notation 

V 

X 

1/S-2P 

175,730 

190,810 

196,100 

569 A 

1S-3P 

524 

1S-4P 

510 




Spectroscopic measurements have not as yet shown tlie pr(\sence, of this 
series. Fricke and Lyman^® observed only the single line at X 5H5. This 
apparently has the notation 1 S — 2 S, for the computed value, c.or- 
responding to the resonance potential 21.1 volts, is exactly this wave- 
length. The excitation of 1 iS— 2 jS is contrary to the Bohr prineipki of 
selection, but the line was emitted in a strong spark where, on account 
of the presence of the electrostatic field, the selection i)rinci])l(i is not 
applicable. The line would not be absorbed by the surrounding un- 
excited gas, as for this the selection principle would hold. Lines of the 
series 1 >8 — mP, on the other hand, should show very gr(>at absorption. 
This probably explains why Fricke and Lyman could detc'ct in tlmir 
experiments the emission of only the line IS — 2S. If one could devise 
a continuous source of ultra-violet radiation in this ('xtreme sp(>cfral 
range, it might be possible to obtain the series 1 S — mP as ab.sorption 
lines, analogous to Wood’s work with sodium, ])ag(^ 80. Possibly 
“exploded wires”^^ could be employed to advantage in (his respect. 


Phil. Mag., 41, p. S14 (1921). See footnote 39, page 77. 
Anderson, Astrophys. J., 51, pp. 37-48 (1920) 
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Using the photo-electric method described on page 137 Franck and 
Knipping 28 i^ave obtained in helium at very low pressure some evidence 
for the presence of the lines 1 S — 2 P and 1 S — 3 P. Their results 
expressed in volts are as follows: 


Notation 

Volts computed 

Volts observed 

IS - 2 F> 

21.85 

21.9 

1 S - 3 

23.7 

23.6 


The method is not conclusive, but merely suggestive. 

If electrons are ejected to the 2 s or 2 S orbits of the helium atoms 
by low voltage electronic bombardment, it would appear that they 
should have difficulty in returning to the normal state. The return 
to 1 S from 2 s is prevented by the general law that intercoipbination 
lines between the crossed and coplanar orbital systems do not take place. 
The return from 2 S is contrary to the selection principle and should 
therefore require the presence of a disturbing field. Hence the 2 s and 
2‘S states should represent metastable forms of helium, at least capable of 
existing for an appreciable length of time which is much greater than 
the life of the 2 P state, for example.^® Tliis is evidenced by experi- 
mental work on the absorption of helium excited by a mild electric 
discharge. Paschen^^ observed that the gas veiy readily absorbed 
the lines 2 aS — 2 P, X = 20582 and 2 s — 2 p, X = 10830. These lines 
were also reemitted as resonance radiation (see page 86). From the 
fact that the scattered or resonance radiation for 2 s — 2 was probably 
greater than that for 2 >S — 2 P, Franck and Reiche concluded that 
only the state 2 s should be considered as a metastable modification of 
helium. In the 2 s state with one electron revolving about the other in a 


noc. cit. 

2^ Since the above was written a paper more directly bearing on this point has been 
publisliod Kannenstine, Astrophys. J., 55, p. 345 (1922). A two-electrode Wehnelt arc in 
helium was excited by an alternating potential and the current- voltage characteristics were 
observed by u.se of a Braun-tube oscillograph. Operations were so controlled that after the 
arc had stmck at a potential above the normal ionization point, it could be maintained at 
voltages as low as 4.8 volts. This voltage corresponds to the wave number 2s and accord- 
ingly represents the ionization i^otential of the helium atom in its 2s state. Now with a 60 
cyclo, applied, potential, the arc was extinguished with each cycle, and was struck again only 
when the potential was greater than 25 volts. However, when the frequency of the applied 
potential was increased to between 200 and 220 cycles, the arc both struck and broke at 4.8 
volts. Tliis is interpreted to mean that the average life of the metastable helium atom in 
the 2s state is about one-half of the cycle, or of the order 0.002 seconds. As will appear in 
the section on “The Measurement of r,” Chap. IV, the time during which an outer orbit, 
not constitxiting a metastable configuration, may be occupied, is very much smaller, of the 
order 10"® sec. 

ao Ann. I^hysik, 45, pp. 625-56 (1914). 
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copla,nar orbit, h(‘liuiu should n*s«*iublt‘ iiihitini ainl iiiiidii ilirrolun^ h 
expected to hv cnpahh* of foriniui!; i*(nnfH>uods. braiirk :uid Ih'it^h 
have. sii|i;g’ested st^veral na^atis, soruo iHvul\ 11114 this 1 vpt‘, Ir 

which th(^ electron onct‘ in flu* 2 n orbit t'an {vfurn fo rinrinnl withmi 
emitting’ tli(‘ nionochronialic wavt* junubrr I S 2 a \i ilu* prcst^n 
time, lu)W('ver, most of tlu‘st‘ liyptUluv^us ato ididdv ' pmdafivo aiu 
adniitting the abov(* gt*n(‘ral ctmelusioie^ fho t rau' it trom oithc 
2 vS* or 2 S to normal, in flu* abstaua* tif a .strong iiold. aiv ihu Nat ia’artcH-it 
explained. 

Kemblc'^^ and mon* r<'C(*nf ly \ an \ leok' havo qut* -t iiuird ibr pt^ssibil 
ity of id(‘ntifying tlu* I sfaft* with the rrossed i»rbit ^ v - trifi fl«-:<rrihe{| 
so that Bohr’s lunv compufafions nl sueh orfats will i>e awaitod wit] 
the gr(*atest int(‘rt‘st. 


Thk Hvi)iuHn*:\ Moiaa rij; 

Bohr^'^ proposed a. modtd of flu* hydrogeti iiM»leeuh' etuisi^iing <1 
two imelei each of unit posit ivt* charge, with two oloetroris revtdviiij 
in the same circndar <>rl>it, the plaiu* t»f widcli F '-yinmetritadf 
located perpendicAilar to flu* line j<duing the uuclei. Iho dimension 
are fixed by tlu* (*lectric forc(*s and tin* condifion that <‘ach ele<’tro] 
has one unit of angular momentum. Hu* total energy tjf such ! 
configuration is readily found f<» be 2.20 Xhv ergs. Referring fi 
Equation (3) or (17) tlu» (*nergy of twrj normal hvdrogrii atoms i 
— 2 Nhc ergs. The ditT(‘rt‘nc(* in tlu*s<* two values aceurdmgly slumt 
give the work neeessary to tlisstu’inte at liytlri)gf*n tm»lectdt* into neufni 
atoms. This amoimts to 0.21) Xhc ergs i>v 2,7 volts. U«hr ^4i«nvs that i 
configuration for the molecular ptmiiive itup (amsisting of the two nude 
and a single electron nwolving abotit the line !»et\veen i item, in imstah'l 
and hence the removal of oiu* (*leetrtm fnuu the iiuitfrute umy result ii 
its dissociation and tin* product uui of a neutnil atom mui an ifuiizet 
atom. The total energy for the Ialtt*r state is - ■ l.im Xhr rrgN. 'W 
work required to ionize the moleeuh* in this manner is aceurduigly i2.20 
1.00) Nhc, which is ecpuvaU*nt to Itk2 volts. 

This configuration of the hydrogen moiemle mirst !«' ri’jeeted hi 
the following and otlu*r nuiBons. 

(1) Such a molecuk* would l>e paramagiietic,, while hyelrogeii i 

known to be diamagncTic. 


Phil. Mag.. 42, p. 12a (n»2n. 

4111^20 {l«22). 

33 Phil. MaK.. 2(1, pp. B57 -75. (iPtai. 
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(2) Langmuir^s^^ experimental determination of the heat of dig 
sociation is 84000 cal/mol or 3.6 volts per molecule.^^ 

(3) Positive ray analysis shows the existence of positive molecula 
ions. 

The Bohr-Sommerfeld theory of the structure of the hydrogen atorr 
6n the other hand, is satisfactory, as the many remarkable experiments 
confirmations of the series spectra and fine structure testify. As illus 
trated by Figure 4, the ionization potential of the atom should be 13.5 
volts and the resonance potential 10.16 volts, corresponding to th 
convergence frequency and first line respectively of the Lyman series. 

Measurements of the critical potentials for hydrogen by differer 
observers show wide divergence both in the experimental values and i 
their interpretation. The results of Horton and Davies and of th 
authors, given in Table XV, are somewhat more consistent, showin 
two resonance potentials at 10.5 and 12 to 13 volts, a trace of ionizatio 
at a slightly higher point and strong ionization at 16 to 17 volts. Ot 
values would immediately suggest the following interpretation, on th 
basis of BohFs theory. 


Volts 

Observed 

Type of Collision 

i 

Volts 

Com- 

putec 

Observed 

Theoretical 

10.4 

Strong resonance 

Atom: 1st line of Lyman Series 

10.2 

12.0 

Faint resonance 

Atom : 2d line of Lyman Series 

12.0 

13.3 

Very faint ionization 

Convergence of Lyman Series 

13.5 

16.0 

Strong ionization 

Molecule: Bohr’s configuration 

16.2 


In spite of this apparent agreement between theory and experimer 
it is doubtful that the above table represents the correct analysis of th 
data, the difficulty being in the accounting for the presence of th 
quantity of monatomic hydrogen necessary to give such a pronounce 
indication of a resonance potential at 10.4 volts. In experiments whei 
a hot cathode is employed there will be only a slight amount of thermj 
dissociation even for a wire operated at 2500° C. There is possibl 


34 J. Am. Ohem. Soc., 34, p. 860 (1912). 

33 Relation between volts per molecule and calories per gram mol. The kinetic energy j 
ergs of an electron which has fallen through a field of x volts is given by Equation (66) : 

ergs = 1.592 X 10“i2 x volts (60) 

one 20° calorie = 4.183 • 10^ ergs (67) 

number of molecules per gram mol = 6,06 • lO^a (68) 

Hence cal. /mol = 23070 x volts /molecule (69) 

and kg cal. /mol = 23.07 x volts /molecule (70) 
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sufficient dissociation, however, to account for the weak ionization 
observed at 13.3 volts. Using pressures of about 0.1 to 0.2 mm Hg 
in a discharge tube where the collisions occur over a space of 1 cm, it is 
found that about half of the electrons lose 10.4 volts velocity at this 
resonance potential. Now if of the gas at any instant had been 
dissociated by the hot wire, a very liberal estimate, only one collision 
in one hundred would have taken place with an atom. Hence one would 
conclude that half of the electrons collided some 100 times elastically 
in this small distance before encountering an atom responsible for the 
energy loss of 10.4 volts, a conclusion at variance with probability 
considerations. Thus it appears likely that the observed resonance 
potential of 10.4 volts, as well as 12.0 volts, is due fco the molecule. 

We have made experiments using a potassium hydride and potassium 
surface as a photo-electric source of electrons,®® instead of a hot cathode. 
Precisely the same results were obtained, with the exception of ioniza- 
tion at 13.3 volts, in regard to which no conclusion could be drawn, as 
the sensitivity was not sufficient to detect this critical potential. It is 
doubtful whether monatomic hydrogen could have been present in 
such an apparatus, operated cold. 

The possibility of dissociation by electron impact below the resonance 
potential is still an open question, but even so, this could scarcely 
account for a sufficient amount of atomic hydrogen to explain our 
results. 

The agreement between the observed value of 16.0 volts for tlxe 
ionization of the molecule and that predicted by Bohr’s theoiy again 
must be of no significance. If ionization of the molecule results in a 
neutral atom and an ionized atom, the ionization potential should be 
13.5 + 3.6 = 17.1 volts, on the basis of Langmuir’s determination of 
the work of dissociation. This disagreement with experiment suggests 
the possibility that a molecular ion is formed at this low voltage. In 
support of such argument we have found that the secondary spectrum 
of hydrogen predominates over the Balmer series below 20 volts, and 
the secondary spectrum is usually ascribed to vibrations of the molecule 
or molecular ion. 

It is possible that the ionization potential of the molecule represents 
the work of dissociation plus the work of ionization of one atom minus 
the electron affinity E of the hydrogen molecule. We then otxtain 
13.5 + 3.6 — = 16.0 or E^s. = 1.1 volts. Bohr’s theoretical com- 

putation, based on the configuration which we have shown to be 

36 Mohler, Foote, and Kurth, Phys. R., 19, p. 414 (1922). 
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objectionable, gives 1.6 volts.^*^ Further discussion of the question of 
electron affinity and dissociation is given in Chapter VIII. 

Althioiigh we have questioned the ascribing of the 10.4 volt resonance 
potential, observed by the ordinary methods, to monatomic hydrogen 
for the reason that we cannot account for a sulSicient quantity of the 
monatomic gas, there has never been any doubt as to the existence of a 


resonance potential corresponding to 



for the atom 


and an ionization potential corresponding to v = N, viz. 10.2 volts and 
13.5 volts respectively. The well-known series relations require such 
critical potentials. Duffenback^^ has recently assured the presence of 
an atmosphere of monatomic hydrogen by operating the ionization 
chamber in a tungsten tube furnace at 2000 to 2500° abs. At 2500° 
abs and 1 mm pressure 98.8 per cent of the gas is dissociated into atoms . 
He found, that with the furnace operated cold most of the ionization 
occurred at about 16 volts, but at the higher temperatures the current 
showed marked ionization at 10.3 and 13.2 volts. As will be discussed 
in Chapter VI, arcs may be struck at the lowest resonance potential, so 
that the appearance of the critical potentials 10.3 and 13.2 volts at high 
temperature where considerable dissociation occurs is a confirmation 
of the facts to be predicted from the line spectrum of the atom. 


General References 

Hughes, A. L., Bull. Natl. Res. Coun., 2, pp. 127-169 (1921). An excellent tabu- 
lar summary of the experimental determinations of critical potentials to about 
March, 1921. As practically all observations by numerous observers are listed, 
many of which were not made under satisfactory experimental conditions, some 
judgment must be employed in selecting the most probable value where the range 
is wide. 

McLennan, J. C., Phys. Soc., London, 31, pp. 1-29, 1918. 

Franck, J-, Physik. Z., 22, pp. 388, 409, 441, 466, 1921. 

Gerlachi, W., Vieweg’s ''Tagesfragen” Number 58, pp. 8-52 (1921). This con- 
tains a bit>iliography of one hundred and thirty-three references. A large number 
of American and English papers published after 1916 are omitted, however, on 
account of their inaccessibility at that time. 


37 BoUr, Phil. Mag., 26, p. 863 (1913), shows that the total energy of the neutral hydrogen 

molecule orx the above described configuration is W — 2.20Nhc ergs. The total energy for 

the same configuration with three electrons instead of two in the common orbit, the plane of 
which is perpendicular to the line joining the nuclei, is shown to be W' = — 2:S2Nh€ ergs. 
Hence an. amount of work (2.32 — 2.20)Nhc = 0.12Nhc ergs must be done on the second 
system to reduce the molecular ion to the normal state. This is equivalent to 1.6 volts, a 
value whicht accordingly represents the electron affinity of the normal molecule. 

38 Science 55, pp. 210-211 (1922). 

89 Ly naan. Science, 56, p. 167 (1922), finds in helium the following lines : X 584.4, x 537.1, 
X 522.3, X 515.7, and possibly X 600.5. His paper appeared after this book was in page proof, 
too late to incorporate in the discussion on page 72. The first four lines are members of a 
series 1 2C — mP where 1 X= 198290 and 1 X— 2 5^0= fifth line above (approximately) =c= first 
resonance p otential. These observations conflict with measurements on ionization potential. 
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Lino Absorption S[>ootra of Aioius 

Ijnk Absohi’TIun Sfi;<’ru\ or \nUM\i, Xhai . 

In ac{‘()r(la.nr(‘ with thi' (‘lassiaal ila^trirs ratiialiMn, «*xpn‘S:^ 
by tlie usual intiu’pri'tatitui «>f Kirflila*irs hiw, Nhutihl 
emission lines of an (‘lt‘nu*nt Hp|n%'ir as abs*»rptiun linr a u h«'u a eului 
of the. vapor or gas is viewtul against a SMuri’** whirh rinit s a runt imte 
spectrum. Expt‘nin(‘ntally, hu\Vf‘Vta% in any partinilar arrangena 
of apparatus \w find that tmly for t’crtain types «it !in*'S is ahsorpti 
readily ol)served. The <pumtuin thmuy ol >^per!ra sa,! isfariuriiy : 
counts for this fact . 

As a ])art.icular exain|)h‘ \vv sltall eonHidrr lir^i the alkali iiietr 
For the normal iuu‘X(ute(l attan tin* vahuiet* ur uiiti r i lerfritn lies in I 
1 orbit. The atom aceordingly is eafnable nf ah .urijing launuehnaua 
radiation in (pianta of a fn‘(|ueney energy value juu siiflifiiait 
displace' the val(‘nc(' eleetrou tt» an eufer urbil . Hadialinn *4' frepueii 
corresponding to eiu'rgy iNirrnirttintr' f o t \vn tmU*r nrlui Ir’ax'e'*^. iht^ iiP 
\inaffe<‘t(al. Thc' alom Luirnbh* to rte^onale tu stieh fivpueueirv:; it <m 
not absorb tluan Inaaiuse' tlu*rt‘ is m\ ftositiHU oi et|iii!ibrium wliit'h 1 
atom could assume and nUaiiHhi* taieruy. If eaniau jilr-atrb a purti 
of th(^ energy just suflieient reaeh a ^tHl‘!e eontivpirai um breause i 
incident radiation (‘xists in disenUe intiivi>d»lt' tiuania whieh itiiisf 
absorbed in toto or not at all. 

By ilu^ Bohr principle of Heka'iiun flit* a/diiiu!h..ai s|iiaii!mii imuil 

in any int{'rorl)ital transition of an c*lefire»n Uiiiai eh-inia' I'V i I in 
Hence only those fre<|UctH‘i(’S of the ineidenf mdiaiion will be aljsuri 
which re'sult in tlu* (‘jeadion ui ihv valtiiee eleetrt»ii to tiiTdfs for w!i 
the azimutlial (pumtum immher diOVrs by iiitity tie.' imnnal sta 
This re(|uireH that tlu' edeadron pass fnan the I orliii in an w/i la* 
where m may havi' any value from 2 t«.> . Uenee only radial i<tii 

1 With WJaai <‘X(an>tI<>nK of urutlnnlf 

® For orhor cmvu, uro Olmptc'r X. 
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wave number v = I s — mp is absorbed from the contiauous source. 
The long column of absorbing vapor thus accumulates energy and 
would continue to increase in energy until the valence electron of every 
atom finds itself in a p-orbit, but for the following two facts: (1) An 
atom having its electron in a p-orbit or any other outer orbit is described 
as an excited atom’’ and is capable of absorbing other characteristic 
radiation. This interesting phase of absorption spectra is treated in a 
following separate section. (2) The electron once displaced almost 
instantly resumes its normal 1 s position. 

If the electron displaced to the mp orbit returns to the 1 s orbit in a 
single jump, the line v = 1 s — 7np is emitted. This emission, however, 
for the long column of gas is spread over a solid angle 4 tt, whereas the 
radiation absorbed from the source is confined to the narrow beam 
passing through the gas. Radiation of frequency v = 1 s — mp is 
accordingly abstracted from the beam of small solid angle and subse- 
quently, by the above described indirect process, scattered in all direc- 
tions. The result is that along the line of sight far more radiatiop is 
absorbed than is emitted and the lines p — Is — mp stand out as sharp 
absorption lines against the continuous source and the scattered radi- 
ation. 



Fig. 12. Principal series lines of sodium from m = 46 to 58, observed as absorption 

lines. 

In general if 1 s or 1 >S represents the normal orbit of the electron 
in the unexcited atom, we should expect to observe as absorption lines 
the wave numbers j/ = 1 s — ■ mp for the alkalis; IS — mp 2 and 1 S — 
mP for the metals of Group IT of the periodic table and similarly for the 
other groups. Lines in emission series which converge at 1 s or 1 
when the orbits corresponding to these frequencies represent the normal 
state, should be absorption lines, characteristic of the normal atom. 

The* experimental verifications of this simple theory are conclu- 
sive. Wood and Fortrat,® using in effect a train of thirteen 60® 
quartz prisms, have examined the absorption spectra of a long column 
(3 meters : 20 meters recommended) of sodium vapor of fairly low den- 

3 Wood, and Fortrat, Astrophys. J., 43, pp. 73-80 (1916). 
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sity. Tlu' only al)si»r{»t i<ni iint*s apin-iriiMj, 1. tn flu* i^nuri 

sories I s — flip. 'rh(‘st‘ \vor«‘ r. i Im f.a !i! f ‘vm pji 

nltiiougli tho rt'solutiuu was iu»t fu M-paf aft* flir» pairs Iny 

m = S. Th(‘ last- Ihirtorn {»l»sor\**il iiir!jrn»*r'-. »»i flu* M-rit-s ;,iv ifiOical 

on a wavo-kai^th saalr, ly I’J. I'iw wa\r kaiaili mrrrspnui 

to t.h(‘ coiivorgcaicc* ln*t|U<*nt*y lits tn tJa* ini! la fla* lnm i^/ ,iS nh 
the distanee t^inal lo the length of ihn pniiiMii ni lim mit* ; illiistni 
On this s(‘ai(‘ the IWiiu's wnnld lie m tlir ne,hf a dr taiien ni f inn f 
Line vi -■ 40 ditha’s in wave4«atgth t>«nu line /a hy almut 

Angstrom unit. 

Figure. V^ illustrates tin* line airHnrpf mu sprrfrum ni -t»ditim. 
ii|)|)(*r S[)('et rograin is from a nt*gati\e made l*y I hr H. llarrisna 
shows th(^ absorption of tin* secaind. fliird and tnuiili mi*m!«*r'4 af 
princi|)al s{*ri(‘S. At low vapor pressure fliese line^ are very sh; 
If the pnrssure isitn*n*as{ML higlier terms are hrmiylii otp. but the absi 
tiou of tin* firsts nu*mlH*rs widens into lu'nad liajnis., ns slitiwn by 
lower spectrogram made* by Ih’of. Wnod, llie eaifral s|H*efragr 
also Wood’s, shows tin* litn* absorptitm ediatrlv . uearlv tn lite lieai/l 
seri(‘s. We. havi^ markt*d twenty--one fei'ue'^. but maiiv iuar»* were rea 
visibh^ in tin* ni*gativca 'Fhe etuis'^ inn lutes m ibe- * illu t rations 
due to tin* (‘adtuimu or aluminum spark in atr emp!n\ a^d as a smuTe. 

Tin* {*xa.et physieai sigtiilieanet* nf ibe brnad*miiig n.f the litie? 
high pr(*ssun‘ has not Ihh‘u satisfaeiurilx iiifeipivted i»y the tinani 
theory.*^ Tin* n(‘{M‘ssity for employing high fu-essiuv in nrder toli: 
out higher t(*nnH is to be e\p<*eted. i'be ehanee that an rFriroii 
displaetHl to say tin* oSth tu’bit is small when there a.re' many or 
of iKMirly ident.i{*al (‘uergy value. Hv ini'nreaiig the pr.-.^ .mre thr liimj 
of atoms is increased witfi a pr<*|Huliniiate eliauge in ite* pmbahi 
of a displa.e(*nn‘nt to any iiniivnlual nrhif. and tire re.'-mlfin|r absnrp 
of the eorn'sponding lira*. Tin* sanu* eliVrt miidh. be prndueed by 
creasing tlu* l(*ngth of tin* ci^lumn of vapor. 'I1te pheimmemm at I 
pressnn^ is, howe*v<*r, (aanplieatt**! possibly b\' flit^ itilerpeiief ra,t 
or ecrtaiidy l>y the* pe*rt.tirbatiems, of of eleiirtiii'-^ in niighbo 

atoms. 

Wood’s work e>n seHlium has beeai e\tend^*d to iIm- oihi'r alkali va| 
by Beva.n.^’ In this nuume*r fe*rms of iht* priiiei|i:il rtaaer \v»a.'e <ibtai 
as absorption rnn*H te> fii 2o ha* peUasviuiu, - 2b for riibieii 
m = 22 for e‘a(*sium and m ^ 2H for lifhiuim 

^ S{i(^ t)ago 91, 

» Froc. Jioy. S(h\ Ldmi., Ha, aa. VII iH ama up n \ eny 
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Fig. 


14 A. Absorption of mercury X 2537. 
"by an aluminum spark under water. 


The continuous ? 
Tungsten electrodei 


^peetrum is produced 
5 are still better. 



K 7664.94' 7699.01 



Rb 7800.79 7947.64 



85eije Cs 8943-46' 

Fig . 15. Reversals of the first pair of the principal series for the alkalis.'^^^The illus- 
trations have been prepared on the same scale of wave-lengths.* 
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The important series converging at 1 aS for the metals of Group II 
are mainly confined to the ultra-violet. Wood first showed that the 
mercury line 1 S — 2 p 2 , X = 2537, is strongly absorbed by a column 
of mercury vapor. Figure 14, by Wood, illustrates this absolution, very 
clearly. At low pressure, the absorption is very sharply defined, but as 
the pressure of the vapor is increased, by increasing the temperature as 
indicated, the line widens into a band. The absorption of this line is 
now a matter of common experience in the operation of a quartz mercury 
vapor lamp. If the lamp is overheated, as was first pointed out by 
Wood, its actinic effect is greatly reduced on account of the absorption 
of X 2537 by the dense vapor. A photograph of the arc under such 
conditions shows almost complete absence of this line. On account of 
the continuous spectrum which is produced with strong current and 
high temperature X 2537 may appear as a strong reversal against the 
faint background of the continuous emission spectrum. 

Wood and Guthrie® found absorption in cadmium vapor for the 
lines 1 S — 2 po, X 3260 and 1 >S — 2 P, X 2288. McLennan and Ed- 
wards'^ have demonstrated that the mercury line 1 >8 — 2 P, X 1849, is 
entirely absorbed by a column of rare mercury vapor, but did not succeed 
in obtaining it as a reversal against a continuous background. The 
experimental difficulty here is in producing a suitable continuous source 
of ultra-violet light. The best method so far devised® is the use of an 
aluminum or preferably tungsten spark gap immersed in water and 
excited by a very high voltage, using a Tesla coil, auxiliary air gap and 
capacity. This gives a continuous spectrum throughout the visible 
and in the ultra-violet at least to the limit of the quartz spectrograph. 
It is obviously not suitable however for work with the vacuum spectro- 
graph. For this range the Lewis^ method employing hydrogen offers 
a little hope, but its use is necessarily restricted. One will readily 
appreciate the almost insurmountable difficulties in the determination 
of absorption spectra of metallic vapors below X 2000. 

McLennan and Edwards besides corroborating Wood^s work ob- 
served absorption and complete reversal against a brighter background, 


R Astrophys. .1., 29. p. 211 (1909). 

7 l>hil. Mag., 30, pp. 695-700 (1915). 

® The electrical arrangement is described by Howe, Pliys. R., 8, p. 681 (1916). Pig. 14A 
shows the beautiful continuous spectrum which is easily obtained. If only the central portion 
of tho spark is employed practically no trace of emission lines is present. In this spectrogram 
Dr. Meggers and the authors were endeavoring to obtain tho lino absorption spectrum of 
arsenic vapor. This was unsuccessful, but the absorption of the mercury lino X 2537 is very 
pronounced, arising in the mercury which was present with the arsenic vapor. The mercury 
emission spectrum is also shown for comparison. More recent descriptions of the spark 
apparatus are given in “ Transmissivity of Food Dyes.’' Bur. Standards Sci. Paper No. 440. 

9 Science, “41, p. 947 (1915); Phys. R., 16, p.‘367 (1920). Hulburt, Astrophys. J., 42, 
p. 205 (1915). 
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ill nire 55inc vapor, of th(‘ lino 1 N ■ 2 X :in<| (*(HMpl(»te I 
absorption of 1 F -- 2 X 2b5U. | 

McLeimai2‘^ usinp; a cohunn t>f nm^nosiuni vapi»r uidaiiuMi rovtTsal ! 
of the line 1 S - 2 1\ X 2852., and sIiowimI tla* pivstairr of alworption ^ 

for 1 aS - 3 F, X 2()2(k For souu‘ nnrxplaiiira rra.uit lit* vinihl not 
detect absorption of the fundanuaital lint* I N 2 X 1X7 1. 

King’s^^ work on furnace .spt‘cf ra slows that fuinianimi ally imiHirtaut 
lines are readih" absorbed and may appt'ar as rovn -als against thr 
brighter backgrcaind (>f tlu* furnact* walls li»r <*\ain|>lt‘ X 1227, i S « * 

of calcium. King state's that in gimfrab for all nu-fals fhr sfn mg absorp- 
tion lines are those whie'.h an' ('xeittal as <‘inissii>n lin«*s at low t ompta-iiure. 
Among these latter, as will appear in ( dmpf«*r \ 1 1 , an* to la* fottud the 
fundamental lines of serh's ia)nvi*rging at 1 S I a. at least insufjir as 
the spectral region inve.stigat<al <‘overs that eniliraet*d by fhest' seruu 


KnvKusnn Links 


The spectrum of a material obtained in an taaiinary are Is in gi'iuTal 
composed of emission lim's. However, under (’ertain eoniiit ions lines 
are reversed, appt'aring Idack against the !uigiitf*r Imckground. An 
example of this is shown by Figure 15, prepared by \!t*ggf*rs, fur t lu* first 
pair in the principal scrii's of (*at*h of the alkalis, d'he n*vrrse«! pejrfujn, 
which appears bla<‘k, is imu'h narnnvm* than tlie emissifm lino, slunving 
in the reproduction as a white baiui.*^ <bmt*ratly al»sorpfion line.s are 
m(>re nearly ni(>n()chn)niatic than the eorreapimtiing eiaission lint', in 
part because of the smaller l)c»p|)Ier effect and h*s'er proisun* of the 
cooler vapor, but also for other reasitus whieli ha\** n<»t i»e»ai satis- 
factorily explaiiaak The n'versal is due \ti afisorphon of flie emitted 
light by the rame of eotder vapor surrounding tie* aiv. In ilie illus- 
tra,tioii given the emission line for caesiuin 0 exerprionally broad. 
Freqiu'utly, how('vt*r, t.hc emission lini*s are narnnv and th-e n‘Vc*rHfd 
may then almost or c'vc'u completely roVf*r tin* eiiiiw,..|uii. i|evi*rsals 
are found (‘V(m in fiamt' spet'lra. A narnnv levrf-al of flu* I) dines 
against the broadt'r background f»i the emis.-oon >prr! nmi is readily 
observed in a long train of l)unst*n Imrtiers fetl with ' ait . 

Prolialdy nvvt'rsais in tlu' are can be o!»taiiit-d for all lines of series 
converging at i h or 1 F, The obHeiwailitm tA a nni-rHah litnve\‘er, 
not indicalxi (hat tiu* line bt'ltmgs to these sf*ries, Aiuoitg fin* thiMisands 


Mcljcmian. Pom'. Hoy. Hih*., t>f». pn, ava a luia 
” AHtrophvti. J.. 51. pp. la 22 lUeitie 

yyit IH of iPUn'oHf. thii-t tljo Hipiart* omf of Om aMai4*-t bm-i T. .r fii*" 

plotUxl against atomic numiHT gives nn Hpiaovitii.ot U Iiuf 
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of reversa^ls listed in the spectroscopic tables will be found all types of 
lines, melxiding those belonging to subordinate and combination series, 
series cort verging at 2 s, etc., the explanation of which is given in the 
section on excited atoms and in Chapters VI and VIL On the other 
hand hy eareful consideration of reversed lines considerable information 
may be derived concerning series relations. Thus with copper we 
find a sbi^ong reversal of the pair X 3248 and X 3275, which fact combined 
with on. 3 ? somewhat unsatisfactory knowledge of the series relations 
for this olement enables us to predict with a fair degree of certainty 
that this is the pair 1 s — * 2 p which determines the value of the resonance 
potentia.1. For the same reason we are led to suspect that X 2428 is a 
membei- of the principal series of gold, and is likely the term 1 s — 2 pi, 
although the series relations are entirely unknown. The fact that all 
the lines of Paschen’s principal series of thallium are so readily reversed 
in the slx*c is a strong argument for assigning the notation 1 s to the 
convergence frequency instead of 2 s, as suggested in the chapter on 
ionization potential. In this particular case, however, the vapor may be 
excited^ ^ by the high temperature, as discussed in Chapter VII. Under 
such conditions the fundamentally important lines should be suppressed 
both in emission and absorption, especially so since the resonance po- 
tential is extremely low. The work of Wood and Guthrie^^ on absorp- 
tion of -thallium vapor is suggestive but inconclusive and should be 
repeated using as long a column of vapor at as low a temperature as 
practicable. 

McLennan and Young^^ have made an investigation of the arc re- 
versals for calcium, strontium and barium. They observed the first 
six lines of the series IS — mP as reversals in calcium, ten lines of this 
scries in strontium and nine lines in barium.^^ 

One finds in the spectroscopic tables that at least the first term of the 
series A jS — 2 P and 1 5 — 2 p 2 has been observed reversed for most of 
the elements of Group II. In Table XVI are listed several of the early 
members of these series. A few of these lines are merely computed 
values, having been unobserved as yet either in emission or absorption. 
In the last column, A denotes that the line has been observed as an 
absorp-tion line, using a long column of vapor; R as a reversal in an arc; 
K as Sb reversal in furnace spectra, and F as an emission line in flame 
spectral- It is noted that the wave-lengths of many of the lines are less 
than ^OOO A. These accordingly can be best studied, for absorption, 

18 JK.stirophys. J., 29, p. 211 (1909). Proc. Boy. Soc. 95, pp. 273-9 (1919). 

16 Two of these were assigned entirely incorrect wave-lengths, viz., IS — 3P and IS — 4P 
for barixim. 
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as reversals in arcs. A suggested method suitable for the vacuum 
spectograph is to employ a very long vertical tube with a Wehnelb cathode 
arc at the bottom. The metal is boiled at the bottom and condensed 
in the upper part of the tube, at the top of which is mounted the spectro- 
graph, sufficiently distant to prevent contamination. The emission 
lines will be broad on account of the higher pressure at the l^ottom of 
the tube, thus furnishing a background for the absorption lines produced 
by the long column of rarer vapor. There is, however, still a splendid 
field for work at wave-lengths longer than 2000 A, especially with 
elements of other groups of the periodic table. 

TABLE XVI 


Important (from Standpoint of Atomic Structure) Series Lines 
FOR Metals of Group II. Compiled by F. A. Saunders 


Element 

Notation 

V 

X [vacuum) 

X [air) 

Remarks^® 

Mg 

18 

61672 

1622 




1 S — 2'P2 

21871 

4572 

4571 

F K 


1 — 3 p2 

47853 

2090 




1 aS — 4 

54253 

1843 




1 S - 5 

57020 

1754 




1,S-2P 

35051 

2853 

2852 

AFRK 


IS-ZP 

49347 

2026 


R K 


15-4P 

54703 

1828 



Ca 

1^ 

49305 

2028 




1 -S - 2 

15210 

6575 

6573 

K 


IS -Zpi 

36555 

2736 

2735 



1 >S — • 4 p2 

42519 

2352 




1 — 5 p2 

44962 

2224 




1S-2P 

23652 

4228 

4227 

RK F 


1-S- 3P 

36732 

2723 

2722 

K 


15-4P 

41679 

2399 

2399 

RK 


IS-5P 

43933 

2276 

2275 

RK 

Zn 

IS 

75767 

1318 




15-2p2 

32502 

3077 

3076 

ARF K 


1 (S — 3 p2 

61274 

1632 




1 -S - 4 p2 

68081 

1469 




1 /S — 5 p2 

70982 

1409 




1^- 2P 

46745 

2139 

2139 

ARK 


1 - 3P 

62902 

1590 




1 S - 4P 

68608 

1458 




IS-oP 

71215 

1404 




rare observed as an absorption line using a long colnn.n of 
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TABLE XNI — Continued 


Importa.]mt (from Standpoint of Atomic Strijctitre) Series Lines 
, Poit, ]V[etals op Group II. Compiled by F. A. Saunders 


^l^inent 

Notation 

V 

X {vacuum) 

X {air) 

Remarks^® 

Sr 

IS 

45926 

2177 




1 S - 2 p 2 

14504 

6895 

6893 

K 

. 

IS -Zvi 

33869 

2953 

2952 



1 S — 4 p 2 

39426 

2536 




1 S - 2 P 

21698 

4609 

4607 

RFK 


1 S - 3P 

34098 

2933 

2932 

K 


1S-4P 

38907 

2570 

2570 

RK 


1S-5P 

41172 

2429 

2428 

RK 

Cd 

IS 

72539 

1379 




1 - 2 

30656 

3262 

3261 

ARFK 


1 »S - 3 7)2 

58462 

1711 




1 (S — 4 7)2 

65027 

1538 




1 >S — 5 2^2 

67842 

1474 



- 

1 <S - 2P 

43692 

2289 

2288 

ARFK 


1 <8 - 3P 

59906 

1669 




1 >8 - 4 P 

65494 

1527 




1 -8 - 5P 

68056 

1469 



Ba 

IS 

42029 

2379 




1 S — 2p2 

12637 

7913 

7911 

K 


1 S - 3 p 2 

30815 

3245 

3244 

K 


1 (8 — 4 P 2 

35892 

2786 




1 8 - 2P 

18060 

5537 

5535 

RFK 


1 S - 3P 

32547 

3072 

3072 

RK 


18-4P 

36990 

2703 

2703 

RK 


18-5P 

38500 

2597 

2597 

RK 

Hg 

IS 

84178 

1188 




1 (8 — 2 7)2 

39413 

2537 

2537 

ARFK 


1 S - 3 7)2 

69656 

1436 




1 ;8 — 4 7)2 

76464 

1308 




1 S — 5 7)2 

79410 

1259 




IS-2P 

54066 

1850 


AK 


IS-ZP 

71291 

1403 




1/8 -4P 

78810 

1269 




1/S-5P 

79961 

1251 


1 


(^CJ<i>ntinucd) R denotes that the line has been observed as a reversal in an arc. 

K donotes that the lino has been observed as an absorption line in furnace spectra, i.e., 
rovocsed against the bright walls of the furnace. 

IP demotes that the line has been observed as an emission line in a fl^e. „ 

B'or' relation between X {vac) and X {air) see data of Meggers and Peters, Snuthsoman 
Tables, Tth Ed., p. 293. Also Bui. Bur. Standards, 14, p. 731 (1918). 
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Kesonance Radiation 

As stated earlier, the mechanism of line absorption of vapors involves 
the re-emission of the radiant energy absorbed. This re-emitted light, 
called resonance radiation, has been studied in considerable detail for 
sodium and mercury. If a bulb of pure sodium vapor at low pressure 
is illuminated by a beam of light from a sodium flame or vacuum arc, 
the vapor will diffusely emit radiation consisting of only the two D- 
lines, 1 s -- 2 Pi and 1 s — 2 p 2 - At very low pressure, less than that 
corresponding to saturation at 150° C, the entire bulb is filled with a 
faint glow. As the pressure is increased the diffusely emitted light 
becomes concentrated near the place of incidence of the exciting beam 
of radiation, and at 250° C, pressure about 0.01 mm, is confined to the 
extreme surface. 

These phenomena show that the effective part of the incident radi- 
ation is absorbed in a very thin layer of the vapor at the higher temper- 
ature while at lower temperatures and pressures the radiation penetrates 
the bulb and is passed on from atom to atom throughout the volume. 

Analysis of the emitted light by the interferometer shows that the 
entire width of the lines, about 0.03 A, may be accounted for by the 
Doppler effect alone of the vapor at this comparatively low temperature. 
Only a portion of the exciting D-radiation is absorbed so that the beam 
passing through the vapor shows a very narrow absorption line in the 
center of each of the broad, transmitted D-lines. 

Strutt^® has found that the sodium doublet 1 s — ■ 3 p, X 3303, like- 
wise excites resonance light. In this case the emitted radiation consists 
of both D-lines and radiation of the frequency absorbed, X 3303. This 
is in accord with the quantum theory. Absorption of a quantum of 
radiation of wave-length X 3303 ejects an electron from the 1 5 orbit to 
either the 3 pi or 3 p 2 orbit. This energy may be given up either by a 
direct return to 1 s with the emission of 1 s — 3 p or indirectly by a 
transition to 2 p and from there to 1 5 , the latter step involving the 
emission of the D-lines. The Bohr principle of selection shows that, 
in the absence of a disturbing field, a direct fall from 3 p to 2 p with the 
emission of 2 p — 3 p should not occur, a fact confirmed by Strutt, The 
transition between these two orbits must be made through either the 
2 s or 3 d orbit as an intermediate stage, as shown by Figure 9, The 
following table illustrates the various steps involved as a consequence 


17 Of. Wood s “Physical Optics,” 2d Ed. The discovery 
ment of this subject is due to Wood and his co-workers 
1* Proc. Roy. Soc., 96, pp. 272-86 (1919). 


and a great part of the develop- 


LINE ABSORPTION SPECTRA 


87 


of the absorption of 1 s — 3 pi. A similar table may be prepared for an 
initial absorption of 1 s — 3 p 2 in which all steps from d on are the same 
as here ^iven. Absorption of 1 s — 3 pi accordingly may be followed 
.by emission through the successive stages b or c, e, i, or d, g, i or d, h, j, 
etc. W i-th many atoms returning to normal by different paths, all of the 
lines gi-V'en in this table may be emitted. Strutt’s observation that 
both D-lines as well as 1 s — 3 p are emitted when the exciting radiation 
is 1 s — 3 p is accordingly confirmed by the theory. The reason that 
Strutt didL not observe the other lines listed is because they all lie in the 
infra-red. 


TABLE XVII 


Step 

Position of Valence 
Electron 

Radiation 

Wave-length 
in A 


Initial 

Final 

Notation 

Remarks 

a 

1 s 

3 Pi 

Is — 3 Pi 

absorbed 

3302.5 

h 

3 Pi 

1 s 

1 s — 3 Pi 

radiated 

3302.5 

c 

3 Pi 

3d 

3 d — 3 Pi 

cc 

90480. 

d 

3 Pi 

2s 

2 s — 3 Pi 

it 

22056.9 

e 

3d 

2 Pi 

2 Pi — 3 d 

it 

8196.1 

f 

3 d 

2 p2 

2 p2 — 3 d 

. 

8184.5 

g 

2 s 

2 Pi 

2 Pi - 2 s 

it 

11404.2 

h 

2 s 

2 P2 

2 p2 — 2 s 

a 

11382.4 

i 

2 Pi 

1 s 

1 s 2 Pi 

ti 

5890.2 

j 

2 P2 

1 s 

1 s — 2 P 2 

it 

5896.2 


If sodium vapor is excited by one of the D-lines alone, we should 
expect -trbat only this line would appear in the resonance radiation, since 
a transition from 2 pi to 2 p 2 involving an emission of 2 p 2 — 2 pi is 
contrary to the Bohr principle of selection and a transition from 2 p 2 
to 2 px requires additional energy. Wood and Dunoyer^^ concluded 
that resonance radiation excited by one D-line consisted of that D-line 
alone. “"Wood and Mohler,^® however, later, showed that this was true 
only at extremely low pressure. If the pressure of the sodium vapor is 
increased or if hydrogen is added, both D-lines appear when the excita- 
tion is by either Di or D 2 alone. It is possible that the principle of 
selectiort is broken down at high pressure by the disturbing field of 


Mag,, 27, p. 1018 (1914). 
20 JPloLys. K., 11, p. 70 (1918). 
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neighboring atoms. In such case by excitation with 1 s — 2 the 
infra-red line 2 ps ~ 2 pi, X 590 fx (1/17 cm), may be emitted with the 
subsequent emission of 1 s ~ 2 p 2 . For the same reason excitation by 
1 s — 2 p 2 may be followed by absorption of 2 p 2 — 2 pi from the con- 
tinuous emission spectrum, black-body distribution, of the walls of the 
vessel or room. This would eject the electron to the 2 pi orbit, thus 
permitting the subsequent emission of 1 5 — 2 pi. It is also possible, 
when we are concerned with such extremely minute quantities of energy 
as are represented by quanta of wave-length 1/17 cm, that atomic 
collisions may play an important role and that the transfer of the electron 
between 2 pi and 2 p 2 is the direct result of slightly inelastic collision. 
Under such circumstances the principle of selection would not be 
violated. 

Mercury vapor at low pressure shows resonance radiation for the 
line X 2537, 1 >S — 2 p 2 . No investigation has been made with excitation 
by other fundamental lines, IS — 3 p 2 , 1 ;S — 2 P, etc., since they lie in 
an inconvenient spectral region, as shown by Table XVI. If the width 
of the resonance line is due entirely to the Doppler effect, we have for the 
vapor at room temperature: 

width of line = 0.86 • 10~®X V T/M = 0.0026 Angstrom. 

Hence to observe the absorption of this line or the reversal of such a 
narrow line against the broad emission spectrum should require high 
resolving power. The pressure of mercury vapor at room temperature is 
about 0.001 mm Hg; at 60° C, 0.02 mm; at 100° C, 0.28 mm. This small 
variation in temperature does not materially change the Doppler effect, 
yet at even 60° C the absorption of a short column of mercury vapor may 
be readily observed with a prism spectrograph and a pronounced reversal 
obtained against a continuous source, similar to the reversals shown in 
Figure 14. It is an experimental fact that absorption of X 2537 by mercury 
vapor at 20° C cannot be detected with an ordinary prism-spectrograph, 
because of the insufficient resolution. Yet a very short column of rare 
vapor is opaque to a portion of this line, a fact simply and clearly dem- 
onstrated by Wood. A saucer containing mercury at room temper- 
ature was photographed with a quartz-lens camera against the resonance 
radiation emitted by a bulb of mercury vapor, which was excited by a 
beam of radiation X 2537. The photograph showed the opaque clouds 
of the vapor rising over the dish. If the photograph is made with an 
ordinary source of X 2537, many times broader than the absorption line, 
the vapor above the saucer appears transparent. 
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F%'Ure 15 A obtained by Wood^i shows the shadow cast by a quartz 
bulb filled with mercury vapor at room temperature when illuminated 
by the raercury resonance radiation. The opacity of the extremely 
rare vapor to this radiation is readily apparent, the entire bulb appearins: 

black . ^2 

If a beam of X 2537 from an ordinary mercury arc passes through a 
column of mercury vapor at low pressure the scattered light is not con- 
fined to tlie geometrical boundary of the beam, but as mentioned earlier 
for sodinm, is diffusely radiated throughout the vapor. Wood,^^ has 
measured the rate at which the intensity decreases in mercury vapor at 
0.001 xxxxxi Hg pressure in a direction at right angles to the geometrical 
boundnryr of the beam as follows: 


Distance 

Relative Intensity 

0.0 mm 

1/1 

0.5 

1/3 

1.5 

1/6 

2.5 

1/10 

3.5 

1/30 


These data probably give an approximate measure of the absorption 
coefficient of the vapor for the resonance radiation. For example, 
0.5 nixn of mercury vapor at 0.001 mm Hg pressure may reduce the 
intensify' of a beam of resonance radiation to 1/3 its initial value. It 
is imfoi'tnnate that the value of the absorption constant, the importance 
of whicln will appear in Chapter VI, has not been measured by a more 
direct method, but very likely the experimental difficulties would be 
considerable. 

An eiKact definition of resonance radiation is difficult to formulate. 
Originnlly the term referred to the radiation of the same wave-length as 
that of the exciting source, emitted by a vapor which before the excita- 


21 “ Researches in Physical Optics,” Part I, Columbia University Press. 

22 In. a, recent letter It. W. Wood gives the results, as yet unpublished, of experiments 
on tho intensity of raercury resonance radiation. The intensity is increased by the addi- 
Uon of Ixelixim or argon, although other gases reduce the intensity of the radiation or de- 
stroy it entirely. In helium at 33 cm, the radiation is 4 times as strong as in Hg vapor alone 
at room temperature (.001 mm pressure). The complete explanation of these phenomena 
is proba-'bly qinite complicated, but it has been shown experimentally that the increase of in- 
tensity I>y lieUum is duo to the fact that tho spectral range absorbed (out of the middle of 
the broa.<3. 2537 exciting line) is widened, so that more energy is diverted from the primary 
beam. 'TlUi.s was proved by first passing tho exciting beam of X 2537 light through a cell of 
Ilg vai>or' ixi vacuo. It was thus freed of all frequencies capable of exciting Hg vapor in vacuo ; 
however*, it excited powerfully Hg in helium. 

2 :* ** Researches in Physical Optics, ’’Part 1, p. 54. 
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tion was in a normal state. Hence the D-lines stimulated by the D- 
lines may be called resonance radiation, while the excitation of the D- 
lines by the second pair of the principal series would not fall within this 
classification. We shall see, however, in the following section that an 
atom having an electron in an outer orbit, for example the 2 p 2 orbit, 
is capable of absorbing the first line of a subordinate series and subse- 
quently may re-emit the line as strictly resonance radiation. Accord- 
ingly, even if we rigidly restrict the terminology resonance radiation to 
the emission of the same radiation as that of the stimulating source, 
any line whatever may be a resonance line depending upon the state of 
the vapor. If the atoms are in a normal condition, lines of the funda- 
mentally important series converging at 1 ;S or 1 s may be resonance 
hnes. If the atoms are ‘^excited,”as explained in the following section, 
lines of other series may show resonance radiation. The phenomenon 
is simply a consequence of absorption. Any line which is absorbed, 
by a monatomic vapor, from a beam of radiation, subsequently may be 
radiated in all directions, and observed as scattered light. 

It may be that the definition of resonance radiation should be re- 
stricted, as advocated by Franck, to the case where the emitted fre- 
quency is the only one possible. This would require in general that the 
first line of a principal series, converging at 1 S or 1 s, or a combination 
line if of lower frequency, should be a resonance line, for example 1 s — 
2 p for the alkalis and 1 >S — 2 p 2 for the alkali earths. Further, since 
transitions from 2 P to 2 p 2 in the absence of a disturbing field are con- 
trary to the Bohr selection principle, the line IS 2P should be a 
resonance line for metals of Group II even upon the above restricted 
definition. Franck classes the scattered emission of the line 2 s — 2 p 
of helium, X 10830, as resonance radiation because the 2 s state is a 
metastable configuration and an electron in the 2 p orbit can give rise 
to the emission of only 2 s — 2 p. 

The phenomena of resonance radiation must not be confused with 
the fluorescence of metallic vapors. Fluorescent spectra are best 
observed with much greater vapor densities and wnth intense illumi- 
nation. The emitted radiation is very complicated and depends upon 
the wave-length of the exciting source. The stimulus may have an 
entirely different wave-length from any line in the emission spectrum 
of the pure vapor. As briefly described in the latter part of this chapter, 
fluorescence may be generally ascribed to unstable, polyatomic, molecu- 
lar formations. 
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The Broadening of Spectral Lines 

tiave seen that the narrow portion of the line X 2537, represented 
by the j-esonance radiation from mercury vapor at room temperature, 
is almost totally absorbed by a very short column of mercury vapor at 
0.001 xxxm. pressure, while by increasing the pressure to several mm the 
entire line is absorbed. On further increase in pressure the line widens 
into a Id and. 

Ttie increase in width of an absorption, or emission, line has been 
considered from the classical dynamical standpoint by Eayleigh,^^ 
Lorentsi^s others. Rayleigh discusses five different causes for 

broadening, and Franck^® has interpreted three of these in relation to 
the q.\xantura theory. Two causes, the Doppler Effect and Impact 
Damping, are of particular interest. 

I^O'jc>'pler Effect From the classical theory, a quasi-elastically bound 
electron, vibrating with a frequency h and moving with a velocity v 
in a direction making an angle <^> with the line drawn from the atom to 
the observer gives rise to the frequency 



where a is the velocity of light. In consequence of the Maxwellian 
distribntion of velocities of the atoms of a radiating gas, we have a 
broadening of the spectral line about the monochromatic frequency voj 
whicb. leads directly to the useful expression given on page 27 for the 
widtb of a line. In general v is small compared to c, so that the broaden- 
ing amounts to only a few hundredths of an Angstrom. In the case of 
canal ra.ys, however, we have a stream of radiating atoms projected with 
high velocity in a single direction, so that instead of a broadening we 

have a, shift of frequency Av = ^ vq-, according as one looks with or 

c 

againsh the direction of propagation of the beam, amounting to an 
easily observable quantity, of the order of an Angstrom unit. 

Tbe above explanation, which is so simple from the classical dynamical 
standpoint, especially in its relation to familiar acoustical phenomena, 
is by no means satisfactory on the basis of the quantum theory. Here 
we give individuality to the quantum and are led to question how the 
energy of a quantum projected in the direction of the beam may differ 


24 JPMl. Mag., 29, pp. 274-84 (1915). 

2 6 KI. Mead. Amsterdam Proc., 18, pp. 134^50 (1915). 

26 “ Tlie Broadening of Spectral Lines,” 5 pp., Anniversary Volume of Kais. Wilh. Ges. 
(1921). 
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section of the beam being represented by c. The atoms are accordingly 
stimulated at b and for each excited atom a valence electron is ejected 
to the 2 p 2 orbit, as a result of the exciting radiation. On account of 
the velocity of translation of the atoms, which may be determined by a 
measurement of the temperature of the boiling vapor or by other means, 
the atoms travel to the position b' before returning to the normal state. 
Accordingly at b' there should be an emission of the line X 2537 and the 
distance b tab' gives a measure of the time r in the excited state. 



Fig. 16 . Unidirectional stream of mercury vapor. 


Unfortunately, although such an experiment yields interesting 
results which will be considered in the latter part of this chapter, it has 
no bearing upon the life of an excited atom. That this is true is evident 
from a consideration of the molecular velocities involved. The most 
probable velocity, as follows f rom t he kinetic theory of gases, is given 
by the expression v = 12900 Vt/M where T is the absolute temperature 
and M the molecular weight of the gas. For mercury at 500° al>s we 
obtain a velocity of 2 X 10^ cm/sec. Hence in lO-s sec., which, as 
will appear, is the probable order of magnitude of the result desired, 
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tile Sbt,oras would have traveled the almost imperceptible distance 
^ era. Furthermore, aside from the above and the question 

of tKe distribution of velocities in the stream, and the fact that the 
time ^ is a mean phenomenon analogous to mean free path, etc., other 
difficuLlties may arise which make such an experimental arrangement 
impossible. For example some of the radiation emitted when an atom 
retiiirias to the normal state may be absorbed by a neighboring atom so 
that t>he original radiation is passed on successively by many atoms, if 
the pressure is high, before it finally escapes from the stream. Horton 
and I3avies observed that radiation produced at the resonance potential, 
21.2 ATolts, ia helium, in one side of a well-shielded U-tube was passed 
on from atom to atom, finally appearing at the other end of the tube. 
The phenomenon is well known in the study of resonance radiation 
where the entire bulb is filled with a glow by a narrow beam of exciting 
radia^tion. If this effect were predominant, measurements such as the 
abo-v^e would simply give the average length of time that the radiation 
in a particular apparatus may be passed on from atom to atom. 

'W'e define r as the average time during which an electron remains 
in an outer orbit of an atom. If at a given time ^ = 0, we have N^ 
excihed atoms, then the number N which remain in the excited state 
after t seconds have elapsed is 

N = 

where o; is a constant. It is at once apparent that the average value of t 
for all the atoms is given by r = 1/2 a. 

The constant a may be determined experimentally in the following 
manner, where we shall consider, for simplicity of explanation, the X 
2537 line of mercury. A canal ray tube is employed which is divided 
into two chambers, A and B, separated by the cathode through which an 
extroxnely small hole or slit is cut. The vapor is excited in chamber A by 
electronic bombardment at several thousand volts. The resulting 
positive ions are driven to the cathode and some of these are projected 
with high velocity through the hole into the chamber B. This latter is 
maintained at the highest possible vacuum by vapor pumps, liquid 
air, etc., so that no disturbing collisions will occur here. The cathode 
acts a shield to the region B, keeping away stray electrons. Yet it is 
found that the atoms in B are neutral. This means that each atom 
pro3 ected through the chamber B, as the result of the velocity which it 
accmnulated while an ion in chamber A, recombined somewhere in A, 
probably very close to the cathode. Let us assume tentatively that at 
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the instant each now neutral atom penetrates chamber B, it is in a state 
to emit X 2537; that is, a valence electron lies in the 2 po orbit. At 
this point, for some few atoms, the valence electron drops to the normal 
1 S orbit, the process occurring for all the atoms, relative to time, as 
indicated by the above equation. Since, however, the atoms all have 
a very high unidirectional velocity, the resumption of the normal condi- 
tion occurs over a considerable length of space for the entire group of 
atoms. As each return to normal is accompanied by the emission of a 
quantum of X 2537, we obtain a streak of emitted radiation, which may 
be several cm in length for a light element, the intensity of which de- 
creases, as follows from the above, proportionally to wliere x 

is the distance of penetration in B and v is the velocity of the stream. 
This velocity may be found by observation of the Doppler cifect 

in the emitted radiation 

Wien^s has made extensive measurements on hydrogen, nitrogcui jind 
oxygen, but at present the experimental difficulties liavc not ]:)ermitted 
the use of vapors such as mercury.^® In general the theory is not (piito 
as simple as that outlined above. The atoms entering the (‘hamber B 
are in excited states corresponding to the outermost (][uantiz(‘d orbits. 
They are therefore capable of emitting any of the arc lines, ''bhci intem- 
sity of (for example) representing an interorbital transition bc'tween 
orbits of quantum numbers 4 and 2 first increases slightly and then 
decreases in accordance with the law already given. Mi(v’^‘^ shows such 
an effect is to be expected. 

The value of 2 a is found to be of about the same magtiitmh^ for 
different lines even with different elements. For the IS juhI 7 liues 
of hydrogen Wien observed 2a = 4.35 -KF sec"*^ or r = 2.3- 10“^ sec. 
Dempster^^ obtained for H^, r = 5*10'"^ sec. 

The conception of the occupancy of an outer orbit for an apprtuuabh^ 
time has as an analogue the emission of damped vil)ratious in a-ccordancu*: 
with the ideas of classical dynamics- Thus the damping constant for a 
radiating electron vibrating about its position of equilibrium may \m 
shown to have the form 


27 Wood lias described several methods (Proc. Koy. Soc., 1)9, pp. atVi >371, 192 U for the 
measurement of the very short time interval bofcwoon the alisoriition of liKht hv pho.sidiort^H- 
cent substances and its re-ornission. Possibly the modlflcat Ion of thi^ Abraiiaiu’ and Ltnnoine 
method therein descrilied could bo applied to the measununeut of r for resoiuincc ratliation, 

28 Ann. Physik, 60, pp. 597-637 (1919); 66, pp. 229-3(> (1921). 

20 In part probably because of the very hiKh voltages iKHawsarv to produce a Huniclciit 
velocity of the neavy mercury ions. See Fig. 45 (Appendix 1). 

80 Ann. Physik, 66, pp. 237-60 (1921), 

aiPhys. R., 15, pp. 138-9 (1920). 
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Fiu , 1 V Spectrum of Zeta Tauri from H-y to limit of Balmer series (last line showing 
*) made with 37^ inch reflector. These hydrogen lines are all absorption 
1 lines, reversed against the continuous background of the stellar emission spec- 

ti'inni. 



Fkj. 1(S. lieversal of hydrogen ali)ha in the laboratory. 
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This gives for the average duration of the emission r = If 2 a — 2- 10“^ 
sec. for H«. In general we may conclude that r is of the order 10”^ sec. 

Absorption of Subordinate Series Lines 

It is readily seen by referring to^the energy diagrams, Figures 4 to 9, 
that an atom having an electron in the second or 2 p ring is capable of 
absorbing any radiation belonging to spectral series which converge at 
this energy level. The process is identical with that discussed in the 
preceding section, except all the transitions take place from the second 
instead of first orbit. This is the explanation of the appearance of the 
Balmer series of hydrogen as absorption lines or of the frequently ob- 
served reversals of lines of the subordinate series in the case of the 
alkalis and alkali earths. Figure 17 shows the spectrum of Zeta Tauri 
in which lines of the Balmer series from to H31 appear sharply re- 
versed. This illustration is from a photograph made by Dr. R. H. 
Curtiss, University of Michigan, for the authors. The absorption is 
produced by a stratum of excited hydrogen atoms against the continuous 
emission spectrum from an interior layer in the star.^^ goiar spec- 
trum also shows as Fraunhofer lines many lines belonging to subordinate 
series, for example the C line which is The literature abounds 
with examples of such reversals in the arc. Meggers^^ mentions the 
reversal of X 8183, X 8195, 2 p — 3 d, the first pair of the 1st Subordinate 
series of sodium. Many similar cases are to be found in Kayser^s tables. 
The arc reversals, which appear as narrow black lines on the bright, 
wider background of the emission spectra are readily observed visually 
in a cored carbon arc. Usually they flash on for only a few seconds: 
it is very difficult to obtain more than a momentary appearance of a 
large number of such absorption lines at the same time. This momen- 
tary character is due to the constant shifting of the envelope of absorbing 
and excited vapor immediately surrounding the arc. 

Spectroscopists have in the past made little differentiation between 
the reversal of a line of a principal series and a line of a subordinate 
series. In fact the principal series of an alkali has been incorrectly 
called its Balmer series because its lines are all easily absorbed, giving a 
spectrum resembling the Balmer lines in the spectra of certain stars 
(compare Figures 12, 13, and 17). The physical mechanisms, however, 
producing the Fraunhofer C and D lines are entirely different, a fact 
readily recognized when one attempts to show in the laboratory the 
Balmer absorption spectrum of hydrogen. No one has ever produced in 

32 Soe Chapter VII. Bur. Standards Sci. Paper, No. 312. 
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the laboratory a subordinate series spectrum at all resembling that g 
in Figure 17, although it is not difficult to obtain such a spectrum i 
principal series. 

The authors have devised many methods for producing this peci 
type of absorption — so far without much success. The reson; 
potential of the hydrogen atom is 10.2 volts. Hence if a hydn 
atom collides with a 10.2 volt electron, it is capable for an instar 
absorbing a line of the Balmer series. A similar condition in refer 
to the subordinate series holds for sodium bombarded by 2.1 volt 
trons. Another suggested method is to illuminate sodium vapor 
intense radiation from a sodium flame. The resulting absorption o^ 
D-lines should activate the sodium atoms so that they would be cap 
of absorbing the subordinate series. A long train of sodium 
should be capable of showing this absorption. Zahn,®^ from pi: 
metric measurements and determinations of the quantity of so( 
present in a flame, has computed that each sodium atom emits a 
2000 quanta of D-radiation per second. If the time during whicl 
atom remains in the active state is 10"® sec., an atom on the ave: 
per second, has an electron in the 2 p ring for 2000 X 10"® or about 
sec. In other words at any instant about 1 in 50,000 sodium a 
is capable of absorbing subordinate series lines. This propo; 
should be sufficient to show some effect in a long train of flames. 

While these experiments bearing directly upon the quantum tli 
of absorption have not as yet yielded satisfactory results, there are n 
indirect indications of its validity. It is very difficult to prodn 
sufficiently long column of vapor heavily bombarded by low s 
electrons at the resonance potential. However, with a Geissler tube- 
high potential, a very long column of excited vapor may be obta 
The objection to this method of activation is that the atoms are emi 
the complete spectrum and hence electrons are to be found in c 
possible orbit instead of the second orbit only. Since, howevei 
first fundamental line of the type Is — 2 p is emitted strongly 
orbit 2 p is occupied to some extent and absorption of the subord; 
series should occur. In general the absorption of, for example, 
— 3 cZ, is obscured by the emission of this line by the gas, but then 
methods for detecting it. 

Wood®^ has described a very simple method for observing the abi 
tion of the Balmer line H^ in hydrogen. Using a long discharge 
arranged for end-on observation it is noticed that the color of the 

*4 Verh. d. Physik. Ges., 15, pp. 1203-14 (1913). « “pjtiysical Optics," 2d 
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charge is rose-red as viewed through the side of the tube, but is bluish- 
white when viewed along the axis. In the latter case the red line has 
^ been absorbed by the long column of excited vapor. A similar phenome- 
non may be observed with other gases and vapors. 

Ladenbiirg'^^ has obtained a reversal of by the following method. 
Two long discharge tubes are mounted on a common axis and arranged 
with windows for end-on observation. These are excited in series 
* by an induction coil. The pressure in the rear tube is high so that 
; broad intense emission lines are produced. The vapor in the front tube 
both emits and absorbs Ha, but by proper regulation of the pressure a 
narrow reversal may be obtained, as shown by Figure 18. This illustra- 
tion is a drawing, as the actual photographs of the phenomenon, though 
conclusive, were not very satisfactory for reproduction. The band of 
light is the broad Ha line emitted by the rear tube at high pressure. 
^ The long narrow line comes from the front tube. A small portion 
j of this is reversed where it crosses the emission band of the rear tube. 
When a pulsating discharge is used, it is necessary to have both tubes 
glow at exactly the same instant. If, however, a direct current dis- 
charge is employed for the absorption tube, a continuous source, such 
as an electric lamp, may be used for the background. From photometric 
^ measurements upon the brightness of (1) the source alone, (2) the glowing 
abKSorption tube alone, (3) the two in combination, it is possible to com- 
pute the absorption coefficient of the gas for the various spectral lines. 
By employing high dispersion and resolution, Ladenburg and others 
have determined the absorption curve over the single line lia, and 
find that in general almost complete absorption occurs. None of the 
i light of wave-length Ha from the background penetrates through the 
^ excited vapor. 

f Metcalfe and Vcnkatesachar,*'^^ using a tube containing mercury 
vapor wliich was excited by a small current above the ionization po- 
tential, observed, photometrically, absorption of the following and 
I other mercury lines. 


X 

Notation 

Iteinarks 

54()1 

2 yii — 1 s 

strong 

C( 

4359 

2 'P2 — 1 s 

4047 

2 pi —Is 

a 

3342 

2 pi - 2 s 

very strong 

3()f)3 

2jjj-3d 

strong 


f 36 Vorh. cl. Physik. Oos., 12. pp. 54-80 (1010); pp. 549-5G4 (1910). 

^ 37 cixpc.u'imcnt) is most; Ixiautifully mado by iiso of discharge tubes with windows 

[ !xmi on by the h'airchild mchliod. cf. .T. Optical Soc. Am., 4, p. 496 (1920). 

! 38 proc. Koy. Soc., 100, pp. 149-G6 (1921). 

i 
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Suppose the atom absorbed the line 2 p 2 — 3 d', X 3126. The electron 
is accordingly displaced to the 3 d' orbit and the atom is in a position 
to absorb lines of the Bergmann series. This process may be continued 
with a multitude of variations up to the point where the electron is 
completely removed and the atom is ionized. At any stage in the 
process the electron if undisturbed may return to normal either directly 
or by successive steps, emitting various lines of the arc spectrum, some 
of which are shown by dotted lines in Figure 20. If the atom with the 
electron in the 2 p 2 orbit absorbs the line 2^2 — 1 s, it is then in a position 
to emit the lines 2 — 1 s or 2 ps — 1 5 and the electron falls to the 

2 Pi or 2 pz orbits respectively. These two configurations possibly 
constitute metastable forms of the mercury atom just as in the case of 
helium, where we found that the orbits 2 S and 2 s represented metastable 
forms of this element. Lines of the w^ave numbers = 1 S — 2 
and 1 /S — 2 p 3 are not observed in the arc spectrum of mercury, showing 
that an electron in either the 2 pi or 2 pz orbit may reach normal only 
by absorption of energy and hence by passing through an orbit corre- 
sponding to a greater energy level. 

If the atom with an electron in the 2 p^ orbit absorbs the line 2 p 2 — 

3 d\ X 3126, and then emits the line 2 P — 3 d', X 5770, the electron is 

transferred to the 2 P orbit. It is now in a position to emit 1 — 2 P, 

X 1849. Also transitions are readily apparent by which the electron 
may be ejected to the 3 p 2 orbit where it is in a position to emit the line 
1 S — 3 P 2 , X 1292. Accordingly by this simple process lines of very 
much higher frequencies than those present in the exciting source are 
easily stimulated. This fact alone should be sufficient argument for 
discarding Stokes^ law^® which now has as many exceptions as verifica- 
tions, and is of little value, although often quoted. It should be noted 
that the production of radiation by the absorption of radiation of lower 
frequency is in accord with the principle of conservation of energy. In 
the above example we have several frequencies transformed into one 
of higher value, subject to the energy relation 'ZiChvi = chv = energy, 
where 

The entire experiment just discussed depends upon the absorption 
of the fundamental line 1 /S — 2 p 2 , X 2537. When this line was cut 
off by a thin cylinder of glass, no effect whatever could be detected. 
The glass transmits freely the lines of series converging at 2 p 2 j but since 
with the glass, there is no radiation transmitted, through the absorption 


40 tMs law states that the emitted radiation can not have a shorter wave-length than 
that of the stimulus. 
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of which the electron can reach the 2 po orbit, the vapor in the inner 
tube is unaffected. 

,, We have already pointed out that with helium, when an electron 
!; is displaced from its normal orbit it tends to assume either the 2 S or 
2 s orbits, which are the basic energy levels for the two systems of spectral 
series for this element. Apparently these orbits may be occupied for a 
much greater length of time than 10~^ seconds.^^ Hence lines in series 
i converging at either 2 S or 2 s should readily show absorption, as is 
' apparent from Figure 10. Paschen^^ i-^^s observed absorption of the 

I lines 2 S — 2 P, \ 20582, and 2 s — 2 p, \ 10830, in a Geissler* tube 

excited by a weak current. The stimulating current causes ionization 
of the gas which is followed by recombination. The electron returns 
toward normal by successive interorbital transitions, with resulting 
radiation, ultimately reaching the orbits 2 S or 2 s, which are occupied 
I for an appreciable time. In this state the two most prominent absorp- 
! tion lines should be those observed by Paschen. The effect is of course 
! assisted by any electronic impact at the resonance potential in 
which case an electron may be ejected directly to the 2 >S or 2 s 
orbits. 

A simply ionized atom should be capable of absorbing lines of the 
, enhanced spectrum. The ionized alkali earths should readily show 
absorption for the pair 1 0 -- 2 $ 1 , 2 , and for higher terms in this series. 
No laboratory experiments have been performed to test this fact, but 
scattered observations point to its truth. King^^ finds that both mem- 
bers of this doublet for calcium, X 3968 and X 3933, may appear reversed 
? in furnace spectra. These lines are respectively the H and K Fraun- 
I hofer absorption lines in the solar spectrum. The corresponding pairs 
for strontium and barium also appear as absorption lines in the 
( sun. The pair is reversed in the spark spectra of Mg, Ca, Sr, 
i and Ba. 

I We may have excited ionized atoms which behave precisely like 

the excited un-ionized atoms discussed in the foregoing paragraphs. 
I With certain types of excitation the remaining valence electron for 
^ the atoms of metals of Group II may be ejected to an outer orbit such as 
I 2 under which condition the atom absorbs lines of the enhanced sub- 

I ordinate series. The following partial list of reversals of enhanced 

I lines of subordinate series is typical.^^ 

^ <1 See pages 73 and 93. 

‘2 Ann. Pliysik, 45, pp. 625-56 (1914). 
f <3 Astrophys. J., 51, pp. 13-22 (1920). 

** Compiled mainly from Kayser’s tables. These reversals are, however, a matter of 
common experience. 
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TABLE XVIII 


Element 

Notation 

X j 

Source 

Mg 

2 iPi - 3 S) 

2798 

Spar! 


2 $2 - 3 ® 

2790 

£( 


2 $2 - 2 ® 

2928 

C( 

Ca 

2^1-2© 

3737 

CC 


2 552 - 2 © 

3706 

a 


2 - 3 ®2 

8498 

Sun 


2 - 3 S)i 

8542 

a 


2 ^2 - 3 2)2 

8662 

(C 


2 — 4 $>2 

3181 

Sparl 

i 

2 - 4 

3179 

iC 

Sr 

2^1 - 2(S 

4305 

CC 


2 $2 - 2 © 

4161 

CC 


2^1 - 4®2 

3475 

CC 


2^1-4®! 

3464 

CC 

Ba 

2^1-2© 

4525 

CC 


2 - 4 ®2 

4166 

(C 


2 5(5i - 4®i 

4130 

CC 


2 ^2 — 4 ®2 

3891 

CC 


2?Ji-5®i 

2634 

CC 


2^2-5®2 

2528 

CC 


Reversals of enhanced lines are of particular interest in celestial s 
troscopy, where they furnish an indication of stellar temperature 
indicated in the latter part of Chapter VII. 

We shall consider briefly some of the rather speculative deduct 
to be drawn from experiments with a stream of mercury vapor. Phill 
employed a long inverted quartz U-tubC; closed at each end. The 
containing mercury was heated to 350° C, while the other leg into w 
the mercury distilled was water cooled. Just above the surface of 
boiling mercury a beam of radiation of wave-length X 2537 was 
jected through the vapor. The entire tube was immediately £ 
with luminous radiation. Figure 21 shows a spectrogram of the flue 
cent light. The resonance line X 2537 is predominant, and in addi 
we have a band of radiation in the extreme violet and another bi 
which accounts for the visible luminosity, in the green. The faint 1 

« Proc. Eoy. Soc., S9, pp. 39-44 (1913). 


LINE ABSORPTION SPECTRA 


105 


on the right are due to stray radiation from the source. Wood^® by a 
very ingenious method found that the luminosity began to appear 
about 1/16000 second after the exciting stimulus was applied. At 
very high pressure the time could be reduced to 1/40000 second. The 
fact that the time is so much greater than 10”^ second suggests, and the 
appearance of a band spectrum shows, we are dealing with a new phe- 
nomenon. Franck and Grotrian^^ have repeated these experiments, 
with various modifications, from which they have drawn conclusions 
which will be reviewed in the following paragraphs. 

In general band spectra are attributed to molecules. Excited atoms 
possess an electron affinity which enables them to unite with other 
atoms forming compound molecules. The subject of electron affinity 
is briefly considered in Chapter VIII. We may here state that an atom 
possessing an electron affinity may attract an electron and become a 
negative ion. Work must be done upon the negative ion to reduce it to a 
normal atom. Metals and the rare gases in their normal states do not 
possess an electron affinity. We shall first consider the excited helium 
atom for which we assume that there is one electron in orbit of quantum 
number 1 and one electron in orbit of quantum number 2, the orbits 
being coplanar. The total energy of this configuration, obtained by 
means of Equations (50) and (51) is as follows: 

w =:Wj, + W,== - 4: Nhc -0.25 Nhc = - 4.25 Nhc. (71) 

The helium negative ion may be assumed to contain one electron in 
orbit of quantum number 1 and two electrons in orbit of quantum 
number 2. Whence by means of the same equations we find: 

W' = FV + W', = - 4 Nhc - 0.28 Nhc = - 4.28 Nhc. (72) 

The second state is accordingly stable. Work has to be done upon 
the helium ion thus formed to remove the extra electron. This work 
amounts to 0.03 Nhc ergs or 0.4 volts. 

We have noted the extreme stability of a pair of electrons grouped 
about a single point charge nucleus. The normal helium structure is 
characteristic of the K-Yiag of all the elements. This tendency to 
grouping in pairs appears now in the formation of negative ions, but 
the stability of such an outer structure built about not only a nuclear 
charge but other electrons is not very great. We have in these negative 
ions, formed from excited atoms, a metastahle compound of an atom 

Proc. Roy. Soc., 99, pp. 362-71 (1921). 

47 Z. Physik, 4, pp. 89-99 (1921). 
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and an electron, with an outer structure resembling normal helium, 
and an electron defect in the next to the outer shell which normally 
is the outer shell. 

If an excited helium atom which has not picked up an extra electron 
collides with a similar atom, the electron affinity of each atom causes 
an attraction resulting in the formation of He 2 . Lenz^^ has already 
attributed the excitation of a band spectrum of helium in a strong 
discharge to the presence of the helium molecule. 

There is no tendency for a normal argon atom to become nc^^^atively 
charged. However, in the Moore tube light, the pressure at the anode 
may be double that at the cathode (measurable with an ordinary mer- 
cury manometer) on account of the drift of negatively charged argon 
atoms. The argon atom is excited and an electron is driven to the 
second orbit. In this condition it attracts another electron, forming a 
metastable configuration with a helium-like outer structure and an 
electron defect in what was normally the outer shell, the whole being a 
negative ion. 

Franck and Grotrian suggest that in a manner similar to the for- 
mation of negatively charged atoms of rare gases, negatively charged 
atoms of metals may be produced. The valence electron of a sodmm 
atom, for example, may be ejected to the 2 p 2 orbit, where the atom as a' 
whole may possess an electron affinity and may become a negative ion, 
while there is no tendency to such a condition as long as the valence 
electron remains in its normal orbit. 

The mercury stream experiments are accordingly interpi*eted as 
follows. The radiation of wave-length X 2537 is absorbed by the atom 
with a resulting ejection of an electron to the 2 ring. Ordinarily 
this electron would return to normal in 10"^ seconds with an omission 
of the line X 2537. Practically no displacement of the illuminated spot 
would be detectable. Franck and Grotrian confirmed this fact by 
employihg a low pressure in the absence of any foreign gas. At higher 
pressures, however, the short-lived excited mercury atom may collide 
with a normal mercury atom, forming the molecule H[g 2 . The excited 
atom which possesses an electron affinity is the negative component in 
this compound. It has in the union a helium-like outer shell, completed 
by a valence electron of the normal atom, and an electron defect in the 
next to the outer shell. The normal atom is the positive constituent 
like Na in NaCl. This new molecule possesses a temporary stability 


Possibly more exact considerations would make the resemblance closer that the 
orbits of the outer pair would be crossed, as illustrated by Figure 11. 

<9 Verh. Physik. Ges., 21, p. 632 (1919). 
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and the duration of the after glow in the stream is a measure of its life. 
A band spectrum results from the movement of electrons and nuclei 
within the molecule. Dissociation arising in collision either with normal 
mercury atoms or foreign gas, permits the electron in the excited atom 
to return from 2 p 2 to the 1 S orbit, thus emitting X 2537, as shown by 
Figure 21. These conclusions have been fairly definitely verified by 
several experiments which cannot be discussed here. 

The foregoing, while it apparently explains one means of forming 
molecular compounds, is not the complete interpretation of the experi- 
mental facts. Sodium vapor at fairly high density shows thousands 
of fine absorption lines which Wooch’® believes are the complement of 
the fluorescent spectrum excited by white light. Light may be ab- 
sorbed by sodium vapor, from a nearly monochromatic source in which 
there is no frequency corresponding to any line of the principal or other 
series of sodium. Hence the presence of the absorbing molecules can- 
not be attributed to the preliminary activation of the atoms by the 
source of radiation. Strong monochromatic illumination of sodium 
vapor by a red or green line, not present in the arc spectrum of sodium, 
gives re-emission of that line and a series of lines at intervals of about 
37 A on each side of the exciting line. These spectra are almost the 
exact counterpart of the phenomena obtained with iodine. The theory 
that they likewise are due to a diatomic molecule is supported by this 
similarity, but the presence of the molecules again cannot be attributed 
to activation of the atoms hy light which they are not capable of absorb- 
ing. Likewise with mercury (luorescence it is found that the most 
effective illumination is not light near X 2537 but of a higher frequency, 
again in no relation to the series lines of the mercury atom. We accord- 
ingly see that molecular compounds may be formed ivithout excitation 
of the atoms by light of a sovios (ionverging at 1 s or 1 S. It appears 
necessary to assume that th(^ vapors contain molecular formations 
whether or not they arc illuminal-cMl. Wood states that the fluorescence 
of mercury appears only in (*as(' of vapor frc^shly liberated from the 
fluid metal. Fluorescence cannot l)e excited in a bulb of cooling (hence 
condensing) mercury vapor, containing an excess of mercury at the 
same temperature at which it is brilliant in case the temperature is 
rising, accordingly where evaporation is taking place. Apparently 
then molecular compounds such as Na 2 , IIg 2 may be evaporated from 
the liquid surface. Now if Franck and Grotriaifis explanation of the 
structure of these compounds is correct, that is if Hg 2 consists of an 


50 “ Physical Optics,” 2d Ed. 
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Chapter V 

Line Emission Spectra of Atoms 

We have seen that when an electron in an atom is transferred from 
an outer to an inner orbit, energy is released as a quantum of radiation 
of wave number v. If W is the total energy of the atom corresponding 
to the initial configuration and W' the energy of the final configuration, 
the wave number of the emitted radiation has the value: 

{W - W^)/hc. 

The study of line emission is accordingly concerned with the various 
modes of interorbital transitions of electrons which result in a decrease 
in the internal atomic energy. Since, however^ the normal atom in the 
gaseous state, except for elements having an electron affinity such as 
the halogens, possesses a minimum of internal energy, it is first necessary 
to increase this energy before any radiation can be emitted. This is 
done by ejecting an electron to an outer orbit. Spectroscopy is mainly 
concerned with the interorbital transitions of a valence or outer electron 
following such an ejection. 

There are at least four general processes through which an atom 
may be left in a condition such that it is capable of emitting line spectra. 
A valence electron in an atom may be ejected to an outer orbit (1) by 
absorption of external kinetic energy at impact, (2) by absorption of 
radiation as discussed in the preceding chapter, (3) by increase in tem- 
perature of the vapor as discussed in Chapter VII. (4) The valence 
electron of an atom in a molecular compound may be left in an outer 
orbit or completely removed from the atom in the process of dissociation 
of the molecule. For example, as shown earlier, the molecule Hg 2 con- 
sists of a neutral Hg atom and a Hg atom having a valence electron in 
the 2 p 2 ring. If this molecule is dissociated, the excited atom subse- 
quently should emit the radiation 1 5 — 2 p 2 . Hydrogen iodide upon 
dissociation emits the hydrogen spectrum showing that in this molecule 
the hydrogen atom possesses greater energy than in its normal mon- 
atomic state. It is of interest to note that it requires slightly less work 
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excited and a normal atom, simply boiling mercury briskly should 
produce an emission of 1 S — 2 p 2 , X 2537. Decomposition of the 
metastable compound Hg 2 should release an atom having an electron 
in the 2 p 2 ring which on returning to normal emits this fundamental 
line. A six hour exposure to a vessel of boiling mercury, by Dr. Meggers 
and the authors, failed to show a trace of this line. The experiment, 
however, is worthy of further thought. 

The entire subject of the behavior of excited atoms is a new field 
of research which promises interesting development. No doubt the 
chemist of the future will deal familiarly with such compounds as the 
helides, argides and so on.^^ 


51 Since this book has been in press a note by A. S. King, Proc. Nat. Acad. Sci., S, 
pp. 123-5 (1922), has appeared, in which he makes the statement that the subordinate series 
of Na, K, Rb, and Cs have been reversed in furnace spectra obtained by heating the vapor tp 
a high temperature. This is a confirmation of the theory of absorption by excited atoms whore 
the excited atoms are produced by temperature, i.e, by the third method mentioned at the 
beginning of the section on “Line Absorption Spectra of Excited Atoms.” 

A very important paper by Franck has just appeared, Zeit. Physik, 9, pp. 259-66 (1922), 
on the subject of excited atoms. Klein and Rosseland have suggested that a slow-moving 
electron, in collision with an excited atom, may gain kinetic energy wliile the atom is as.suming 
its normal state, no radiation being emitted in the process. This is the converse of excitation 
by collision. Franck has extended this idea to collisions between ©xcitod and imoxcit od atoms, 
thereby obtaining a partial explanation of the weakening of resonance radia(it>n by the 
presence of foreign gas. The theory is also used to explain the appearance of Ug X 2537, 
1 S - 2 joa, when Hg vapor is excited by X 1849, 1 S - 2 P. This may require a transition 
without radiation from the 2 P state to the 2 pa state. Oario, working in Franck's laboratory, 
has shown that thallium lines appear in mixtures of T1 and Hg vapors o.xcited by X 2537, which 
is interpreted to mean that excited Hg atoms can give up their energy to imoxeit.od T1 atoms 
with which they collide. Other applications are to the sensitizing of photograpliic plates by 
staining, to the bright fluorescence of almost all substances at low tomporaturo, and to the 
Maxwell velocity distribution in the emission of electrons from heated surfaces. 
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We have seen that when an electron in an atom is transferred from 
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modes of interorbital transitions of electrons which result in a decrease 
in the internal atomic energy. Since, however, the normal atom in the 
gaseous state, except for elements having an electron affinity such as 
the halogens, possesses a minimum of internal energy, it is first necessary 
to increase this energy before any radiation can be emitted. This is 
done by ejecting an electron to an outer orbit. Spectroscopy is mainly 
concerned with the interorbital transitions of a valence or outer electron 
following such an ejection. 

There are at least four general processes through which an atom 
may be left in a condition such that it is capable of emitting line spectra. 
A valence electron in an atom may be ejected to an outer orbit (1) by 
absorption of external kinetic energy at impact, (2) by absorption of 
radiation as discussed in the preceding chapter, (3) by increase in tem- 
perature of the vapor as discussed in Chapter VII. (4) The valence 
electron of an atom in a molecular compound may be left in an outer 
orbit or completely removed from the atom in the process of dissociation 
of the molecule. For example, as shown earlier, the molecule Hg 2 con- 
sists of a neutral Hg atom and a Hg atom having a valence electron in 
the 2 p 2 ring. If this molecule is dissociated, the excited atom subse- 
quently should emit the radiation 1 S — 2 p 2 - Hydrogen iodide upon 
dissociation emits the hydrogen spectrum showing that in this molecule 
the hydrogen atom possesses greater energy than in its normal mon- 
atomic state. It is of interest to note that it requires slightly less work 
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to completely remove the valence electron from the hydrogen atom by 
dissociation of HI than by ionization of the hydrogen atom directly.* 
Sodium chloride, dissociated in the buiisen flame, emits the spectrum 
of sodium, to some extent as an immediate result of the dissociation, 
indicating that in the molecule the sodium atoni^^ possesses a greater 
internal energy than in its normal vapor state. Spectroscopistvs obtain 
the spectra of various metals by vaporization and dissociation of their 
salts in a carbon arc. However, it may not necessarily follow that the 
process of dissociation leaves the atom in a positively ionized state, 
even though the complete arc spectrum appears. For exami)lc, the 
dissociation of CdMg may leave one of the atoms as a negatives ion.** 
It would be necessary for this negative ion to lose two electrons before 
it becomes capable of emitting all lines of the arc spectrum. Yet 
CdMg in an arc would probably show the spectra of both metals.*'* In 
this and similar cases the dissociation is merely a method for ol)taining, 
by an indirect process, vapor of the metal in the atomic state and the 
emission phenomena properly fall under the classifications (I) . (2), and 
(3). We should accordingly distinguish between processes of dissoci- 
ation which leave the atom in a condition to immediately emit racliation 
and those where the dissociation serves merely for the produ(;tiou of the 
metal vapor.^ 

Classification (1) broadly interpreted embraces many varicdlc^s 
of energy transfer. Radiation may result from a collision of an iitoin 
with an alpha particle, with a heavy ion, possibly with a neutral af-om 
or molecule if the speed is great, but especially with a i‘rec‘ (dc^c.tron. 
Since our quantitative knowledge of emission is almost cmtirx'ly limittMl 
to the effect of collisions between atoms and electrons, W(‘ shall (X)nfhie 
this section to a consideration of these phenomena. Tlie ndation of 
the processes (2) and (3) to spectral emission an^ t.ix'atixl in Chaph^rs 
VI and VII respectively and will be only casually (*onsi(ler(Hl for the 
present. The fundamentally important factor in tli(> ordinary produc.- 
tion of spectra is collision between electrons and atoms. 

We have seen, that a collision between an ekad.i'on and an atom of 
the rare gases or metallic elements may be chisti(^, but at cerf.aiii well- 
defined velocities of the impacting electron the exfilisiou is inelasf.ie. As 

1 See Table ww ttt 

2 A large number of such compounds is given in Gmelln-Kraut’s handbook. Prohai)Iy 
other more familiar compounds illustrating this point occur iu more (complex moU’cuii(^s. 

3 Probably any alkali hydride would show both the spectnun of t.lui mtU.al and llw. atomic 
spectrum of hy^ogen. In this molecule, however, the hydrogem occurs as a ncdutivc Ion. 

* In general it is probably tme that even in such processes as (,ho injection of NaCl in 
the arc, the salt acts mainly as a carrier for the sodium. The .same sodium atom t)nco dis- 
sociated from the molecule probably loses and regains its valence electrtin many times lieforo 
it leaves the arc. 
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discussed in Chapter III the energy lost by the electron and absorbed 
by the atom at an inelastic collision corresponds to either a resonance or 
^ ioni^iation potential. If the atom is ionized by the collision, the ejected 
electron may return to its normal orbit by a variety of interorbital 
transitions. Each transition results in a decrease in the total energy 
y of the atom and is accompanied by the emission of one quantum of 
radiation. The various possible steps or energy levels for several 
typical cases have been considered in the discussion of Figures 4 to 6. 
If the electron returns from without the atom to the normal state in a 
single transition, the highest convergence frequency in the spectrum of 
the neutral atom is emitted. The wave number of this radiation is 

f determined by the quantum relation hc-p — where Vi is the 

ionization potential in volts. If the electron returns to the normal state 
by several successive transitions, a corresponding number of quanta 
! of different wave numbers are emitted, of such value that the sum of the 
quanta equals the total energy of ionization, thus: 

SAcVfc = eVi • 108. (73) 

With numerous atoms and electrons returning to equilibrium by various 
paths, we have as the composite result the emission of the complete 

y spectrum of the neutral atom. This by definition is known as the 

complete arc spectrum. 

The energy absorbed by the atom during a collision of the resonance 
type is not great enough to ionize the atom but rather is just sufficient 
to displace a valence electron to a neighboring orbit of higher energy 
^ level. Hence the atom in assuming equilibrium conditions will radiate 
this energy as quanta of wave number p such that 

= eVr • 108, (74) 

where Vr is the resonance potential. The resulting radiation may 
be termed the partial arc spectrum, special cases of which are the so- 
^ called single-line spectrum and the tw'o-line spectrum, c^tc. 

The foregoing processes which coiUHU’n the neutral atom may also 
apply to an atom which is initially simply ionized. If an ionized atom 
, collides with an electron of sufficient velocity, the collision is inelastic, 
the atom absorbing the kineti<^ energy of the impacting electron. If 
the energy absorbed is sufficient to (completely eject anotlier valence 
or outer electron, the atom is doubly ionized, and the work required to 
eject this electron, expresscnl in volts, is denoted l)y the symbol V* 
or in general simply Hence T^ gives the work required to eject the 
, first outer electron from a normal atom, and F/ the work required to 
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eject tlu^ sc'conil (‘Iceiroii tifiir tlie tif't mu- Iims i.nn n-niovcd The 
second electron may nturn lo ile ntirniai 'lalr l>v a vari.-ty (if inf crorhil'il 
transitions. Maeli fransifion rcsuli" in a (Icci-i-a'(.‘ in th,' tntal i‘iu>r)rv 
of the simply ionized atom and i< aceompanied li\ th,- tanissiou of nuci 
quantum of radiation. .\n examtde .-f ihc diffcrcni cncri’v level, s in 
ty])i<ad cas(' (ionized matciieeiunr i- iilm ir.aied hv h'ie.iire 7, If dip 
electron returns from without the atom to the normal state in a .sinjrip 
transition, the highest eonveno'nee frequeiiev in the speetnuu of (he 
simply ioniz<‘d ;itom i.s emitteil. Tin- 'Aa\e mind-er is determined hy 
th(i rtdidion lift’ -- cr,' - HI'. If the electron retnne' to the normal .slap, 
by sevend sneces.sive transitions, a eorresp,,n.lini'_ nmnber of qiiutiPi of 
dith'rent wave numbers is emitted as follovr - : 


Httiua' with nunit'ron.s oriyin.aliy douMy ionized atoms, i-aeh with an 
outer electron returninn to the normal state of the simply ionized ubmi 
by a v.arit'tyof interorbitiil transitions, we have as the composite result 
the emis.sion of (he complete speciium of tlie -imply ionized atom 
This by definition is known as the complete .spark or eidt.aiiced spectrum 
(of th(! first, t.ype). 

As with the neutral tstom. electronic colli-.i,,n. may t.ake place in 
which the energy transfer is not vreat enoiiirh to remove the .second 
electron but rather is just sufheient to di place it t,, a,i orbit, 

lienee tlu' ionized titmu in a.ssnmitiK eiinililiiium eoiiditions may radiate 
this eiu-rsy a.s <iuanla of w.-u-e numb, r c* stieh that 


when^ 1'/ is the reson.-ir.ee jiittential for the -buply iom/.-d atom. The 
resultinfi; nwliution tuny be termed the /i.irfm? enh.utee.i spectrum. No 
direct in(‘a.suremen(z of \',* have been made, but •• tim.ates of its ma};ni- 
tude lor .sevend elements may be obtained from spceiroseoiiie eotisidcr- 
ations, as Siam later. 

J he nunnuaeal relationships in the iore(.',oinj,' i.ar.iyr.ijdis on enhanced 
spectra retiuire a little fnrtlier evplaiialion when apjilied to metals of 
Ciroup I of (he periodie (nitie. .since for these, fi,ere i-. but a sinyh' valence 
electron. Removal of (he .second electron ^dlnyl^. muq l.ake place 

from what is normally the m-xt to tiie ..titer d„.il, ,, , wilt on.si.i.Tcd 

later. 


'^note tliat a snnply ionized a(.*m may . jiui an enh.an.ssl sp.s-trum 
first typt*.” Tin* ahove process. imw.'V.T, mav b.- r.'peate.l so 
that a doubly ionized atom .should emit an .-nhan.'.-.l Mii. <*trum of the 
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Fkj. 21 . Fluoni.scHMil. raxlijition from mercury vap(3r. 
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second type/^ etc. Unfortunately practically nothing is known from 
the spectroscopic standpoint of these higher types of spark spectra 
and we shall omit their further consideration. 

Tt is noted in Chapter III that the magnitude of the ionization 
potential V is small for most elements, of the order 5 to 15 volts. We 
shall see that U* also is not great, varying from 10 to 50 volts for the 
elements concerning which any data exist. Hence 50 volt electrons 
should be capable of exciting the enhanced spectrum of nearly every 
element. It has been found, however, that the spectrum characteristic 
of the neutral atom predominates in the arc, whence the terminology 
“arc spectrum.” For the excitation of the enhanced spectrum, it 
usually has been necessary to employ a very high potential, thousands 
of volts, across a spark discharge, whence the terminology ‘'spark 
spectrum.” 

Accordingly if spark spectra should appear at low voltage why are 
they absent or at least weak in the cored carbon arc? There are two 
reasons for this. First, it is difficult to maintain much of a field in a 
highly ionized space. If 100 volts is applied to the terminals of the 
arc, as soon as much ionization occurs, the actual voltage drop in the arc 
falls to a value not greatly exceeding the ionization potential, and the 
greater portion of the drop is shifted to the leads. This is simply a 
consequence of Ohm^s law, since the “resistance” of the arc itself ap- 
proaches zero. Secondly and more important, the type of spectrum 
excited has little immediate relation to the applied voltage, but instead 
depends upon the speed of the impacting electron. This is a function 
of the voltage drop per mean free path, and for a given applied voltage 
depends upon the pressure. 

Suppose, for example, we had two large, fiat, parallel electrodes, 
separated by 10 cm, such that the applied field produced a uniform 
potential gradient throughout the 10 cm length. One of the electrodes, 
e.g. a Wehnelt cathode, is assumed to emit electrons. Let us suppose 
that a potential difference of 100 volts is maintained across these ter- 
minals, and the space is filled with mercury vapor at 357° C, that is, 
at atmospheric pressure. We find, from the kinetic theory, for the 
mean free path of an electron, to an approximation: 

mean free path of electron = I — l/Trr^n (77) 

where r is the radius of the gas atom and n is the number of atoms per 
cm*"^. For mercury r = 1.5 X 10“^ cm and in the present example 
n = 1.2 *10^^ Hence I = 10“^ cm and the voltage drop per mean free 
path is accordingly 0.001 volt. The lowest resonance potential of 
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mercury is 4.9 volts, and electrons having an energy less tliaii thus anic 
collide with the atoms elastically. Accordingly not until each elec 
has made 4900 collisions has it accumulated enough kinetic euerg; 
produce any disturbance of the mercury atom, and then the euerg 
only sufficient to displace a valence electron to the 2 po ring. (We 1 
neglected in this simple discussion the fact that the direction oi mo 
of the electron is altered after each collision.) It is evident in 
extreme example that very few electrons will ever attain 10.3 \ 
velocity, sufficient to ionize mercury and produce the arc spectrun 
say nothing of the higher velocity required to excite the cniliai 
spectrum. 

By the time the electron has attained 4.9 volts velocity it luis 
grossed along the tube a distance of 5 mm. Here, to an atom, it g 
up its kinetic energy, which is subsequently radiated as a quantui 
wave number v = 1 S — 2 \ 2537. The process is then rc‘j[)ei) 

so that at every 5 mm along the tube is a stratum of atoms radia 
this ultra-violet line. By counting the striae and measuring tlu^ ti])| 
potential, or preferably by probe wire measurements of potentin 
each stria, a fairly good determination of the resonance potential 
be obtained. The following illustrates such a series of readings n 
by Grotrian.® 

Volts 15.2 I 20.0 I 25.0 | 29.6 j 34.2 | 39.0 j 43.5 | 4S.() | 54.0 | 51). I j 6'L2 | 

Difference... 4.S 5.0 4.6 4.6 4.8 4.5 4.5 6.0 5.1 5.1 5.: 

It is of interest that although the light radiated by the mcaxniry at 
lies in the ultra-violet, there is present the green fiuoresceiuu' cJiara,(d' 
tic of the molecules formed by the union of an excited and normal a 
as discussed on page 104. Hence the striae are readily visil)U^ alth< 
no ionization is present. 

The fact that by increasing the pressure of a nudal vapor, all 
energy of electronic impact can be forced into a single ty|)e of ix'son, 
collision corresponding to the lowest resonance pohMidal, is fr(H[uc 
made use of in securing a large number of reversals in tlu' partitd cui' 
curves® even at voltages far exceeding the ionization potcmtial. ‘ 
also well known that by employing sodium vapor at high pnvssu 
very efficient '‘vacuum” arc may be obtained, all the energy of el(‘cti 
collision going into the production of the D-lines, tlie first pair of 
principal series. The same phenomenon is of course' truc^ physi< 
for any vapor, but physiologically sodium stands uni(|ue in tlu' < 

6 Z. Physik, 5, pp. 148-58 (1921). 

c The usual method for determining resonance potentials. See reference's to ( Hiapti 
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proximity of this line to the spectral region of maximum sensitivity of 
the eye. 

The foregoing discussion clearly shows why spark lines are not 
strongly present in the ordinary two-electrode arc. Indeed it raises 
the question as to how any arc lines other than the first term of a princi- 
pal series, corresponding to the lowest resonance potential, may be 
present. We may cite five reasons in explanation of this. 

(1) The partial pressure of the metal vapor in an ordinary cored 
carbon arc may be considerably less than an atmosphere — in certain 
cases possibly only a few mm Hg. The lower the pressure the longer is 
the mean free path and hence the greater is the chance that an electron 
accumulates velocity sufficient to ionize. Since the resonance potentials 
of the atmospheric gases are all high, collision with these gas molecules 
does not mateinally affect the ability of the electron to ionize a metal 
atom. 

(2) The phenomenon of absorption of radiation is undoubtedly 
,a controlling factor in the operation of many arcs. This is discussed 
in some detail in Chapter VI. Collision of an atom and a free electron 
at the resonance potential gives rise to the first line of an important series,, 
for example 1 5 — 2 p with the alkalis. This radiation is absorbed by a 
neighboring atom producing an ejection of an electron to the 2 p orbit. 
Before the excited atom can resume its equilibrium state it is struck by 
a second electron, and the valence electron is ejected to another orbit 
of still higher energy level or may be completely removed from the 
atom. The ordinary mercury vapor arc lamp is readily operated at a 
pressure greater than one atmosphere and still it emits the complete 
arc spectrum, although we have just shown that many thousands of 
collisions must occur before the electron accumulates the velocity cor- 
responding to even the resonance potential. It is safe to conclude that 
practically no electrons at this vapor pressure have a velocity much 
greater than 4.9 volts.*^ However, absorption of the radiation 1 >S ~ 
2 p 2 following a resonance collision leaves the atom in the excited state 
where collision with an electron of 5.4 ( = 10.3 —• 4.9) volts velocity is 
sufficient to ionize. The ionization may be the result of several absorp- 
tions of radiation followed by a single electronic impact, so that in 
general, as discussed in Chapter VI, ionization may take place in an arc 
in which there are no electrons having a velocity greater than that 
corresponding to the resonance potential. 

’ A few electrons very close to tlie anode and cathode might have higher velocities for 
reason (5). 
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(3) A third reason why the complete arc spectrum appears in a 
two-electrode arc is the phenomenon of successive impact. This is the 
same in principle as (2). In the case of mercury, for example, the atom 
is struck by a 4.9 volt electron, and while in the excited state a second 
electron collides with the atom and raises the valence electron to a higher 
energy level, ultimately producing ionization. 

(4) Although the mean free path of the electron may be too small 
to permit the accumulation of the ionization velocity over its length, a 
small proportion of the electrons will travel many mean free paths 
without collision. At fairly low pressure and high applied voltagci this 
factor may attain considerable importance. 

(5) The production of any ionization alters tlui form of the potential 
gradient between the cathode and anode. With copious ionization 
the normally negative space charge around the cathode may be neut ral- 
ized, eventually becoming positive. A major portion of the potential 
drop across the arc may then occur within an extremely short distance 
from the cathode. Hence the emitted electrons have an opportunity 
for accumulating the ionizing velocity during a mean free path. Xlnder 
other circumstances a considerable potential dro]) may occur at the 
anode with a similar result. Freqxiently the conditions are such that 
the total potential drop is divided into two parts, one close to the (‘.athode 
and the other close to the anode, with little continuous potential vari- 
ation through the arc itself. 

From the above considerations it is evident that no veay definite 
conclusions can be drawn experimentally by ol)serving the voltage 
necessary to excite particular types of spectrum in a, Iavo (^k^ctrodci arc. 
In general all arc lines and a few fundamental spark liru^s a])p('.ar in the 
arc at 100 volts. Enhanced lines are readily ex(‘.it('d in a spark dis- 
charge at several thousand volts. Such voltagx^s Ix^ai* no relation tro thc‘ 
minimum energy required to excite these spectra. A knowledge of 
the actual velocity of the electrons at the instant of (H)llision witli atoms 
is necessary. The following method devised by the authors and 
Dr. Meggers® has yielded definite and conclusive rc'sults. 

Three electrodes are employed arranged as sliown in I'igure 22. 
The central electrode is a heated cathode of tungstem, m()lyl)d(mum, 
lime-coated platinum, etc., depending upon the nature of the va|)or. 
Around this is mounted as closely as possible a si)iral grid, and outside 
at a relatively large distance is placed a concentric cylindrical plate. 


8 Foote, Meggers and Mohler, PMl. Mag., 42, 
145-61 (1922); PMl. Mag., 43, pp, 659-61 (1922). 


pp. 1002-15 (1021); Atrophys. J., 55, 


pp. 
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The accelerating field for the electrons is applied between the cathode 
and grid, the latter being in direct metallic contact with the plate. The 
pi'essure of the vapor is so regulated that relatively few collisions of 
electrons and atoms occur in the short space over which the accelerating 
field is applied. Most of the electrons pass through the grid without 
collision, thus attaining the full velocity of the impressed field. These 
electrons then collide with atoms in the large force-free space between 
the plate and grid, giving up their energy, which is subsequently radi- 



Fig. 22. Arrangement of electrodes for the study of critical voltages required to 
excite different types of spectrum. The grid must be mounted very close to the 
cathode. 

ated as line spectra. By observing the minimum potentials at which 
the different types of spectrum are excited, a direct determination may 
be made of the amount of energy necessary for their production. The 
values so obtained in all cases confiirm the deductions from the quantum 
theory. It is of interest to note that with this form of arc the higher 
series terms are readily photographed. For example, the authors had 
no trouble in observing such terms as ^ = 2 p — 18 d in sodium, rarely 
if ever detectable in an ordinary arc. 
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We shall first consider the metals of Grou]) II of the periodic*, table, 
then the alkalis and finally some observations on the rarc^ i^asc^s. It 
must be emphasized that the attack of the ])r()bl('in trorn our ])rc‘seni. 
standpoint is new, practically all work being done during thc^ past, yt^ar, 
and hence the data available are rather meager at the prescud. time. 


Metals of Group II of the PEiiiomc Tabim 

These metals have two resonance potentials. \\ e should nc*(*ordingly 
expect a four stage development in the spectra, a (*ba.ra.etpristi(*. s|)<H*.tnnn 
at the lower resonance potential, a change at tlu* higluu* rc'sonanec* 
potential, the complete arc spectrum at tlie ionizadon ])()toutia.I and 
the complete spark spectrum at the j)otential necc^ssary to rcanovc* ilie 
second valence electron. 

As discussed on page 39 the spark spectra of ih(^ alkali (airths r(‘- 


semble the arc spectra of the alkalis, showing 


H of doublets as 

follows: 




Principal 

V = 1 <S — 7w^i,2 m — 

2, 3, 

■1, (7S) 

1st Subordinate 

V = 2 ^1,2 — VI — 

3, 3, 

5. (7<t) 

2d Subordinate 

V = 2 ?5i,2 — Vi'S m — 

2, 3, 

•1, (80) 

Bergmann 

t/ = 3 ®1,2 — VI = 

4, t), 

(), (81) 


The highest convergence wave number is 1 © and is fairly avetiratc'ly 
known for many of these elements, from com])u1atiou of the* obscavaal 
spectral frequencies. The 1 © orbit accordingly n‘pn‘S(aits tln^ normal 
state or energy level for the ionized atom corresponding t.o i.lu‘ statn 1 K 
for the normal atom. We shall consider as a typical (^xani])l(‘ ilu‘ d(‘V(‘lop~ 
ment of the spectra of magnesium. In Tables XIX an^ listed tlu^ funda- 
mentally important wave numbers and equivalent voltag<‘s, shown 
graphically in the energy level diagrams of Figures (> and 7. 

Electronic impact at velocities below 2.7 volts givers rise' t.o no (‘mis- 
sion whatever in magnesium vapor, the collision being (dastic*, B(‘tw(‘(‘n 
2.7 volts and 4.33 volts an inelastic impact corr(‘sponding to ihv iirsf, 
resonance potential occurs, displacing a valence (dc'ctron to th<‘ 2 
orbit. The electroti in returning to the 1 S orbit giv(\s rist‘ to the enm 
sion of a single line of wave number v sii(‘.h that herp — Kb wluu’o 
Vr = 2.7 volts. The wave-length of this line is X 4571. T!h‘ first 
spectrogram of Figure 23, by Foote, Meggers and Mohk'r, sliows tins 
single-line spectrum of magnesium obtained with a total a|)plit‘d |)o- 
tential of 3.2 volts, using the arrangement of electrode's illust ratc'd in 
Figure 22. 
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table XIX 


Development op Magnesium Spectrum 


Series 

N ota.tion 

Wave 

Number 

Volts 

Type of Collision 

Type of Spectrum 

1 -S — 2 p. 

21871 

2.70 

Inelastic collision, 
at the lower reso- 
nance potential, 
with neutral atom. 

Single-line. Electron is dis- 
placed to 2 p 2 orbit and the 
only possible return to nor- 
mal is by a single transfer 
to the 1 S orbit. 

IS — 2P. 

35051 

4.33 

Inelastic collision, 
at the higher reso- 
nance potential, 
with neutral atom. 

Two lines, 1 *8 - 2 P and 1 *8 
— 2 p 2 . Electron is dis- 
placed to 2 P orbit and must 
return directly to 1 S, since 
return to 2 p violates prin- 
ciple of selection. Impacts 
at first resonance potential 
also occur, giving rise to 

1 S' - 2 p2. 

IS 

61672 

7.61 

Ine^stic collision, 
with neutral atom, 
resulting in simple 
ionization. 

1 

Complete arc spectrum. One 
valence electron is com- 
pletely removed. In re- 
turning to normal aU inter- 
orbital transitions consist- 
ent with the principle of 
selection may take place. 

1 © — 2 

35761 

35669 

4.4 

Inelastic collision, 
with simply ion- 
ized atom: the 
resonance poten- 
tial of the ionized 
atom. 

Single-line spectrum (d o u b- 
let). It cannot be produced 
alone since simple ionization 
is first necessary, with the 
resulting emission of the 
' complete arc spectrum. 

1 © 

121267 

14.97 

Inelastic collision, 
with simply ion- 
ized atom result- 
ing in ejection of 
the second val- 
ence electron. 

Complete enhanced spectrum. 
This accompanies the arc 
spectrum since the atom 
must be first simply ionized. 
There is no way of main- 
taining fixed, at reasonable 
temperatures, an atmos- 
phere of simply ionized at- 
oms. Some are constantly 
becoming neutral, thus emit- 
ting the arc lines. 

1 -f- 1 ^ 

121267 + 
61672 

22.8 

Inelastic collision, 
with nuetral atom 
resulting in ejec- 
tion of both val- 
ence electrons. 

Complete enhanced spectrum. 
The arc spectrum should be 
present also. 


ORIGIN OF SPECTRA 
TABLE XIN. — Continued 


Development of Magnesium Spectrum 


Series 

Notation 

Wave 

Number 

Volts 

Type of Collision 

Type of Spectrum 

Lai, 2 

380000 

46.9 

Inelastic collision, 
with neutral atom 
resulting in ejec- 
tion of an elec- 
tron from the 
Z/-orbit. 

Z/-radiation, x-rays. 

Ka 

95.8 W 

1299 

Inelastic collision 
with atom result- 
ing in ejection of 
an electron from 
the i^-orbit. 

Complete /v-radiation, x-rays. 


It is recalled that the energy level 2 p is really triplet in character, i.e, 
2 pi, 2 p 2 , and 2 ps. Lines of the wave numbers 1 S' — 2 pi and 1 S — 
2 Pa, however, have never been photographed or observed visually for 
any element of this family. As mentioned in Chapter- I, Souuncrfeld 
has attempted to explain this fact by the use of ‘‘intcniial quantum 
numbers,’’ consideration of which is beyond the scope of this book. We 
have never observed inelastic impact at voltag(\s corn^sponding to 
1 S — 2 Pi or 1 S — 2 Pa. In magnesium the separation of this triplet, 
if it existed, could not be resolved by the iru^thods (‘inployed for the 
measurement of resonance potentials, but such is not the case for some 
of the elements in this family, for example mercury, where the voltages 
should be 4.5, 4.9 and 5.4. Our measurements gave 4.9 alone. Acaaird- 
ingly in the present discussion we shall refer only to tlie 2 po (uiergy 
level. Eecently Franck and Einsporn have ol)tained indin'ct evidence 
of the existence of these other potentials. If their work accaqited, 
some very interesting complications arise, both in theory and (^xperim(mt, 
which are considered later. So far, the experimcaital (widemee of all 
spectroscopy has shown that the 2 pi and 2 orl)its are occupied only 
following the emission of a line of a subordinate seric^s and a few (mmhi- 
nation lines, for example a transition of an electron from an vid or an 
ms orbit, and that the 2 pi and 2 ps orbits do not reproKsent the iniiial 
state in any transition involving the emission of radiation. 

Returning to the discussion of magnesium, we find that two types 
of electronic impact between 4.33 and 7.61 volts may occur. The atom 
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may absorb 2.7 volts energy from the impacting electron, causing a dis- 
placement of a valence electron to the 2 p 2 orbit, with the subsequent 
emission of X 4571. The impacting electron retains the remaining 
portion of its kinetic energy after rebound from the atom, suffering 
only the velocity loss of 2.7 volts. Secondly, the atom may absorb 
4.33 volts energy from the impacting electron, causing a displacement of 
a valence electron to the 2 P orbit. On referring to Figure 6 it is noted 
that but one energy level, 2 p, lies between the state 2 P and the normal 
state 1 S. Transition from 2 P to 2 p involves zero change in the 
azimuthal quantum number and by the Bohr principle of selection 
should not take place. Hence the electron in the 2 P orbit must return 
to normal by a single transition, resulting in the emission oi v — 1 S — 
2 P, X 2852. Accordingly, on account of the two types of collision 
present, we should have between 4.33 and 7.61 volts a two-line spectrum 
consisting of the lines X 4571 and X 2852. This is shown in the second 
spectrogram of Figure 23, for a potential of 6.5 volts. 

It is of interest to note that under the conditions of this experiment 
we have the most favorable opportunity for the production of 2 p 2 — 2 P 
if this line represented a physically possible interorbital transition. 
Only two transitions from 2 P are mathematically possible, to 2 p 2 
and to 1 S. The line 2 p 2 — 2 P would lie at X 7587. Using dicyanin- 
stained plates having high sensitivity at this wave length, not a trace 
of the line could be detected, the two-line spectrum appearing alone. 
This constitutes a very interesting verification of the Bohr principle of 
selection. 

Collision above 7.61 volts results in the complete ejection of a valence 
electron. The electron returns to the normal 1 S orbit by successive 
interorbital transitions, each resulting in an emission of one quantum of 
some particular frequency subject to the condition laid down by 
Equation (73). An individual atom accordingly in any single return 
to equilibrium following ionization, may emit only a few of the arc lines, 
in rare cases only the single convergence wave number 1 S, but with 
numerous atoms approaching equilibrium by the various different com- 
binations of transitions possible, we have as the macroscopic result the 
emission of the complete arc spectrum. This is shown in the third 
spectrogram of Figure 23, obtained at 10 volts. 

If an electron of 4.4 volts velocity, or greater, collides with an ionized 
magnesium atom, the single remaining valence electron may be ejected 
from the normal 1 @ state to the 2 ^ state, as shown in Figure 7 , the 
energy corresponding to 4.4 volts being abstracted from the impacting 
electron which rebounds from the atom with the equivalent velocity 
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loss. The atom in assuming its equilibrium state as a positive ion 
accordingly emits the pair 1 © — 2 X 2796 -- 2802. This is the 
single-line’^ spectrum of ionized magnesium, a doublet, analogous to 
the single* doublet spectra of the alkalis, considered later. It requires 
for its excitation the preliminary ionization of the atom for which a 7.61 
volt collision is necessary. Hence it will appear only at potentials 
greater than 7.61 volts although the pair itself requires but 4.4 volts 
for its excitation. Two successive collisions are necessary, the first 
resulting in ionization of the normal atom, and the second correspond- 
ing to a resonance potential of the atom-ion. The pair appears clearly 
in the 10 volt spectrogram of Figure 23. 

If an electron of 14.97 volts velocity, or greater, collides with an 
ionized magnesium atom, the single remaining valence electron may be 
completely ejected, leaving the atom doubly ionized. The electron 
returns to the normal 1 © orbit of the simply ionized atom by successive 
interorbital transitions, each resulting in an emission of one quantum of 
some particular frequency i/* subject to the condition laid down by 
Equation (75) where 7^* = 14.97 volts. For many atoms, the com- 
posite result is the emission of all the enhanced or spark lines, the com- 
plete doublet spectrum of magnesium. This is shown by the last three 
spectrograms of Figure 23. Over thirty well known enhanced lines 
belonging to series are readily visible in the original negatives of these 
illustrations. The wave-lengths of some of the more prominent lines 
are indicated in the figure. 

At 22.8 volts, corresponding to 1 © -+- 1 aS, there is a possibility of 
doubly ionizing magnesium in a single electronic collision. With any 
mechanical, symmetrical model of a heavy atom, it is rather difficult 
to see how this could occur, and as yet no one has shown that an increase 
in radiation takes place at this velocity. However, the numerical 
value is of importance in thermochemical relations as it gives the total 
work of double ionization regardless of how the process is effected. 

At 46.9 volts and 1299 volts, respectively, the L and K x-radiations 
appear (cf. Chapter IX). Apparently no change in the visible radiation 
occurs as the voltage 46.9 is exceeded. One should expect to find the 
spectrum of doubly ionized magnesium in this voltage range. Possibly 
a difhculty in producing such spectra is the small probability of the 
three successive collisions necessary, where the energies absorbed from 
the impacting electrons have wide variation. In this case we require 
7.61, 14.97 and a value slightly exceeding 46.9 volts, the excess arising 
in the fact that removal of two outer electrons produces some effect on 
the work required to eject an i-electron. 
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The foregoing discussion outlines the fundamental stages in the 
excitation of the spectra of magnesium by electronic impact. We have 
yet to consider certain auxiliary processes which involve absorption of 
radiation followed by electronic impact, or processes which involve two 
successive electronic collisions, as mentioned on page 115, items (2) 
.and (3) . 

If the current density is high, fundamental lines of the subordinate 
series may be excited below the ionization potential, in addition to the 
two-line spectrum. A valence electron of the normal atom is ejected 
to the 2 po orbit by direct impact or more probably by absorption of 
radiation of wave number 1 S — 2 emitted by a neighboring atom 
which is previously excited. Before the first atom can assume equilib- 
rium, with the resulting radiation 1 S — 2 p 2 , it collides with an electron 
and the valence electron is displaced to a higher energy level, for ex- 
ample Is, 2 s, 3 d, etc. From these energy levels the electron may fall 
to 2 pi, 2 p 2 or 2 p 3 , giving rise to subordinate series triplets. Thus we 
have observed at 7 volts in addition to 1 S — 2 P and 1 S — 2 po the 
following lines of subordinate series of magnesium. 


Notation 

X 

2 Pi - 2s 

3336 

2 Pi — Z d 

3838 

2 po — S d 

3832 

2 ps — 3 d 

3829 

2 Pi ~ 1 5 

5183 

2 p2 — Is 

5173 

2 ps — 1 s 

5168 


For a similar reason we find lines of the subordinate series of the 
enhanced spectrum below 14.97 volts, the potential required to remove 
the second electron and produce double ionization. In the original 
negative for the 10 volt spectrogram^ of Figure 23 the following enhanced 
lines of subordinate series are prominent in addition to the single- 
doublet spectrum 1 © — 2 ^i, 2 . 


Notation 

X 

2 - 3 S) 

2798 

2 % - 3 ® 

2790 

2 - 2 ® 

2936 

2 $.2 — 2 ® 

2928 


0 Seo Phil. Mag,, 42, 1006 (1921), Table I, for a complete analysis of these spectrograms. 


124 


ORIGIN OF SPECTRA 


The simply ionized atom absorbs radiation of wave number 1 - — 2 ip 1,2 

and before it can assume equilibrium and emit this pair, it collidLes with 
an electron. The remaining valence electron is displaced to outer 

orbit such as 2 0 or 3 in which states the ionized atom is of 

emitting the above listed lines. 

This development of the spectrum of magnesium is typicstl of all 
the metals of this group of the periodic table. Franck and Hertz 
working with mercury vapor, were the first to obtain a single-lixxe spec- 
trum. Nearly every one who has made photographs at low volti^ge has 
since observed X 2537 as a single line, the vapor frequently occurring 
as an impurity in spectra of other vapors, when not produced inten- 
tionally. We have observed the single-line and two-line specisrum of 
zinc as an impurity in magnesium.^^ McLennan and Header so show 

photographs of the single-line spectra of mercury, cadmium a^xid zinc. 
They also in 1915 observed that the complete arc spectrum a.l>p<3ared 
slightly above the ionization potentials, the values of which were un- 
known at this date. McLennan and Ireton^^ show photogra^phs of 
the two-line spectra of zinc and cadmium. No investigations of the 
enhanced spectra in the low voltage arc for metals of Group aside 

from magnesium, have been published, a problem upon wliich. Dr. 
Meggers and the authors are engaged at the present time. However, 
the critical frequencies are fairly accurately known from spectiroscopic 
data, except for mercury and radium. We are accordingly nble to 
summarize completely in Table XX the successive stages of dovelop- 
ment in the spectra of these elements, excited by electronic impact. 
This table gives all the spectra arising in disturbances of the vnlence 
electrons, which the atom, in the absence of a magnetic or elechi'ic field, 
is capable of emitting. 


Relation Between 1 0 and 1 S 

There appears to be a definite relation of some physical sigriijEicance 
between the limiting frequencies 1 0 and 1 S, In Table XXI are given 
the values of the ratio 1 0 /I Sf, using the data of Table XX. 

The physical significance of this ratio can be roughly obtained in 
the following manner. Referring to Table III, the magnesium aLom is 
seen to consist of three shells of electrons in the arrangement 8, 2. 
By means of an equation similar to (51) we shall compute tlies total 


i°yerh. Physik. Ges., 16, p. 512 (1914) 

11 Foote, Meggers and Mohler, PM. Mag. 42 d 1014 riQsn 

PP- 485-91 (i915) ’ ’ ^ 

13 PM. Mag., 36, pp. 461-71 (1918). 
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Complete 

Spark Spectrum 

: Minimum* 
Excitation 
Potential 
Volts 

14.97 

11.82 

18.21 

lO.OS 

17.31 

9.96 

20. ? 

10.23 

Determining 

Wave 

Number 

1 © 

121267 

95740 

147544 

88952 

140226 

80665 

16300(?) 

82862 

•+=> S 

3 43 

O aJ(M 

1 

Minimum* 

Excitation 

Potential 

Volts 

T-J rH Ci O Cfi 00 lO CM O 

CO CO iO CO ci LO ci c4 ^ CO* c4 

b£) 

.S ;-i ^ 
d o 5^ ^ 

M' 

"cD 

Q rH 

rH O) UO (M 1>.U0 COCO oq rH 05 C<5 

COCO pH05 5000 1— It— i tHCO IOCO 050 

r-CO -^rH COT^^ iot^ COrH 0(M ^CO 

10 50 1050 0500 -^CO CDtH tHO OrH 

^ ^ 



Complete 

Arc Spectrum 

Minimum 
Excitation 
Potential 1 

Volts 1 

.. _ .1 

7.61 

6.09 

9.35 

5.67 

8.95 

5.19 

10.39 

5.0-5.5? 

Determining 

Wave 

Number 

61672 

49305 

75767 

45926 

72539 

42029 

84178 

40-45000? 

fis 

43 CQ 

CQ q 

CD “ 

6^ 

r-H 

Minimum 

Excitation 

Potential 

Volts 

4.33 

2.92 

5.77 

2.68 

5.39 

223 

6.67 

2.6? 

Determining 
Wave 
Number 
IS -2P 

35051 

23652 

46745 

21698 

43692 

18060 

54066 

20700? 

tj X' 

§ ' 

CD tH 

Zb 

.g 

m 

jSIinimum 

Excitation 

Potential 

Volts 

2.70 

1.88 

4.01 

1.79 

3.78 

1.56 

4.86 

1.5? 

Determining 
Wave 
Number 
IS — 2 p2 

21871 

15210 

32502 

14504 

30656 

12637 

39413 

12500? 

Element 


• • • . . . • • 

cs d 


* Atom must be first simply ionized requiring electronic collision with velocity loss shown in column 7. 
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energy of the outer ring (1) Wi with both valence electrons a-nd (2) 
Wi with one valence electron. 


Wr = 

Nhc / 

^ ( 

'z-v- 


( 82 ) 

Wi = 


{12 - 2 - 

s. 2 

-8-S2) , 

( 83 ) 


Nhc 

(12 - 2 - 

\2 

-8- Si) - 

( 84 ) 


The value Wi represents the work required to remove both, valence 
electrons and is accordingly proportional to 1 S + 1 S. The value Wi 
represents the work required to remove the second valence electron 
after the first has been ejected and is accordingly proportional to 1 <3 . 
Hence: 

Tf, 1 0 + IS 2(2 - 0.25)2 _ 

Wi I’B 4 J-odi, 

= 1.88. (S5) 

This value agrees approximately with that given in Table XXI. Similar 
computations for the other elements lead to the same numerical relation. 
The value 1 © for mercury in Table XX was obtained in this xntxnncjr 
from the known magnitude of 1 S, since the series relations in tlie en- 
hanced spectrum are unknown. 

TABLE XXI 

Ratio 1 ©/I >S for Metals of Group II 


Element | 


Mg 

1.97 

Ca 

1.94 

Zn 

1.95 

Sr 

1.94 

Cd 

1.93 

Ba 

1.92 


Mean 1.94 
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Metals of Group I of the Periodic Table 

The metals of Group I as shown in Table X all have a single resonance 
potential. We accordingly find a three-stage development in the 
spectra, A single-line or more precisely a single-doublet spectrum, 
15-2 appears at the resonance potential. The complete arc 
spectrum is excited at the ionization potential and at a still higher 
potential the enhanced spectrum appears. 

There is no reason in the Bohr theory why resonance potentials of 
higher magnitudes, corresponding to 1 s -- 3 pi, 2 , 1 s - 4 pi, 2 , etc., 
should not exist, a statement applying equally well to the metals of 
Group II. Thus we might expect that the valence electron could be 
displaced from the normal 1 s orbit directly to any mp orbit as a result 
of inelastic collision with the proper energy exchange. In the complete 
arc spectrum the intensity of 1 s — 2 p is many times greater than that 
of 1 s ~ 3 p. In fact in every series, the intensity of the lines, referred 
to absolute value from which plate- or eye-sensitivity is eliminated, 
decreases rapidly from the first term to zero at the convergence. Now 
it seems possible that just as the probability of the transfer of the valence 
electron from an mp orbit to the 1 s orbit evidently decreases rapidly 
as m increases, so the probability of the displacement of the valence 
electron to an mp orbit as a result of electronic collision with a normal 
atom may decrease as m increases, even though all the impacting 
electrons have a velocity corresponding to 1 5 — mp. If this were so, 
these higher resonance potentials might exist and not be detectable by 
the ordinary methods of measurement. For example if one hundred 
collisions resulting in a displacement of the valence electron to 2 p 
occurred while one collision resulted in a displacement to the 3 p orbit, the 
effect of the latter would be nearly indistinguishable by the electrical 
methods employed in the investigation of inelastic impact. On the 
other h^nd one collision of the 3 p type in a hundred or more of the 2 p 
type should produce an observable spectroscopic effect. 

Referring to Figure 5, electronic displacements to the 3 p orbit 
enable the vapor to emit 1 s — 3 p, the second pair of the principal 
series, besides the first pair and infra-red lines representing the indirect 
transition from 3 p to 2 p, and the first pair of each subordinate series. 
The various lines which may be emitted following a displacement to 
3 Pi are summarized in Table XVII. At the inelastic impact correspond- 
ing to 1 s — 3 p we should accordingly observe the emission of the 
following more important pairs: Is — 2p, Is — 3p, 2p — 2s and 
2 p - 3 d. 
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Foote and Meggers^^ attempted to investigate this for caesii 
Unfortunately for this element the latter two pairs lie in the far in 
red and could not be observed. The wave number I s — 2 pi co 
spends to 1.4 volts; 1 s — 3 to 2.7 volts; lS'~4pito3.2 volts; 1 ^ 
5 Pi to 3.4 volts; and 1 s to 3.9 volts. The ratio of absolute intensi 
of the lines (1 s - 2 pi) -f- (1 5 — 3 pO i:e. X 8521/X4555 weremeasu 
for a series of accelerating potentials as follows: 


Volts 

7 

4 

3.8 

3.4 i 

3.2 

I 2.8 

X 8521 A 4555 

350 

2100 

8300 

10500 

>10000 

x G 


Accordingly at voltages less than 3.9, the ionization potential, t 
greater than 2.7, corresponding to 1 s — 3 p, there appears to be 
emission of 1 s — 3 pi, X 4555, which cannot be attributed to ionizati 
At 3.4 volts for example the intensity of 1 s — 3 pi is but 1/10000 t 
of 1 5 — 2 pi, although all the electrons have a velocity sufficient 
eject the valence electron to the 3 pi orbit. 

The electrons emitted by a heated cathode (equipotential surf a 
have a velocity distribution given by Maxwell’s law. It may be reac 
shown that on account of this temperature distribution, the fractio 
number F of emitted electrons having a velocity greater by Vo tl 
the applied potential V is: 

F = erf x + where == 11600 Vq/T , (I 

where T is the absolute temperature of the cathode.' At a dull i 
heat about 30 electrons per 10,000 have a velocity 0.5 volt greater th 
V, One in 10,000 should be sufficient to account for the intensity 
X 4555 at 3.4 volts. Similar conclusions may be drawn from obscu’^ 
tions on other lines. For example the line 2 pi ~ 5 d, X 6974, was fou 
by absolute intensity measurement to be of such low intensity beL 
the ionization potential that its excitation may be explained by t 
small number of high velocity electrons present. No line, other th 
the pair 1 s — 2 p, shows a rapid increase in intensity when the veloci 
of the electrons reaches that corresponding to its particular energy lev 
Hence we conclude that the valence electron may be ejected only to t 
2 p orbit, following electronic impact with the normal atom, thus cc 
firming the data obtained by direct measurement of critical potentia 

Bur. Standards Sci. Paper No. 386 ( 1920 ). 
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As the electronic velocity is increased above that corresponding 
to the resonance potential, we have the emission of 1 s — 2 p. As soon, 
however, as the ionization potential is reached all arc lines are emitted. 
If an atom emits any line of the principal series beyond 1 s — 2 p, it can- 
not at the same time emit 1 s — 2 p, as seen from Figure 5. Hence 
electrons, which just below the ionization potential give rise to 1 s — 2 p, 
just above ionization produce other principal series lines at the sacrifice 
of 1 s — 2 p. There should be accordingly, for the same current, a 
decrease in the intensity of 1 s — 2 p, as the ionization potential is 
passed, a fact confirmed by direct experiment. 

The intensity of each line above the ionization potential was ob- 
served to be approximately proportional to the number of electrons 
leaving the cathode. This follows from the quantum theory. The 
number of electronic collisions and hence, roughly, the number of quanta 
of any particular frequency is proportional to the number of electrons or 
approximately proportional to the total current, a fact substantiated 
earlier by Jolly and other investigators. 

This work on caesium should be repeated, using a 3-electrode instead 
of 2-electrode discharge tube, and should be extended to other metals, 
especially mercury. The foregoing is by no means conclusive, for 
quantitative spectrophotographic measurements at and slightly above the 
threshold value of the plate are exceedingly difficult if not impossible.^® 

Foote and Meggers^® show photographs of the single-doublet spectrum 
of caesium, X 8521 and X 8943 at the resonance potential, and the com- 
plete arc spectrum slightly above the ionization potential. The single- 
doublet emission spectra of the alkalis are precisely the absorption lines 
shown in Figure 15, the pair 1 s — 2 pi and 1 $ — 2 p 2 . The authors 
and Dr. Meggers,^^ using the design of Figure 22, have obtained 
photographs illustrating the successive stage development in the spectra 
of sodium and potassium, the latter being reproduced here as Figure 24. 

With potassium, from 1.60 to 4.32 volts, we have the single pair X 
7664 and X 7699, as seen in the first spectrogram. From 4.32 to about 
20 volts the arc spectrum consisting of the series of doublets represented 
by Equations (34) to (37) are excited, as seen in the second and third 
spectrograms. Above about 20 volts the enhanced lines are prominent, 


16 Dr C E Kenneth Mees, Director, Eastman Kodak Research Laboratory, where 
every conceivable means and instrument for spectrophotographic analy^s are at ^nd, 
together with a staff trained in the technique of plate sensitometry, m 1920 stated that 
was a fixed policy of their laboratory not to rely on spectrophotographic photometry for such 
tvpes of problem, if other methods are possible. It is certamly doubtful if any laboratory not 
specially equipped for such work can hope to secure imquestionable results. 

17 Foote, isCeggers and Mohler, Astrophys, J., 55, pp. 145-61 (1922). 
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appearing in the last two spectrograms. S(^V(n*ai hmulrcal liiu'S tuv 
readily visible on the original negatives. 

The third spectrogram shows the pair 1 tS‘ 3 d, whic^h as nuaii-ioued 
on page 36 is an exception to the principle of stdcndloM, since* tlu* change 
in azimuthal quantum number is two units. Il.(*r(* tlu* [)r(*S(‘nc(* of the 
line cannot be attributed to an incipient Stark efhud,, siiuu* th(*rc^ is no 
applied field in the space between the grid and ])hit(* of Figure* 22. The 
corresponding pair in sodium is similarly exeit(*d. Th(*s(* (*x(‘e|)l ioual 
lines appear at high current density, and tlu* physi(‘al basis foi* Mu'ir 
excitation is still an open quest ion.i''^ 

With sodium, from 2.09 to 5.12 volts we havu* llu* singl(*~pair, tlu* 
D-lines. From 5.12 to about 35 volts the complet(‘ a, re si>(*ctrum appt'ars, 
while above 35 volts the many-line enhanced s})(‘t*t.rum is (*.x<‘it(‘d. 

The enhanced spectra of the alkalis should r(*si*mbl(* ilu* an* sp(*ivtra 
of the rare gases. In the richness and complexity of the liiu's tlu* r(*- 
semblance fulfils all expectations. As yet, how(*V(*r, no s(‘ri(*s r(*lat ions 
have been determined. It is nevertheless possible to roughly (‘st imatt*, 
theoretically, the potentials required to ex(ut(* tlu*s(* ('nhaiu*t*d lines. 
Referring to Table III, for sodium, we have tlu* /v-ring with 2 <*!(*(*( i-ons, 
the L-ring with 8 electrons and the outer ring with tlu* single vnh*net* 
electron. Suppose the valence electron is r(*mov(‘d by a, 5.1 volt (‘lee- 
tronic impact and then an electron is remov(‘d from tlu* L-orbit , thus 
leaving the atom doubly ionized. The atom is now r(*ady to <*init any 
line of the enhanced spectrum. Suppose that, tlu* higlu*.st eonv(‘rg(*n(*(* 
frequency in the enhanced spectrum is emitted. W-ould this involve*, 
the return of an electron from without tlu* atom to (lu* L-ring from 
which it was originally ejected? There is some* rt‘ason for b(*lit*ving t hut 
the electron should assume an orbit outside* the* slu‘Il of s(*v<‘n, forming 
a metastable sodium ion. That is, twe) kineis of simply ioni/u'd sodium 
atoms may exist with electrons dustribiite*!! in sh(*lls as follows; 


1st 


2 

2 


2d 


8 

7 


3d Sh(‘ll 


1 


The first type is in a state preliminary to the. eanivssion of the are spec- 
trum; the second type is in the normal state for the^ absorption of prine^ipal 

Something to do with t-he interaction of atoniU* flcldn of nt*l«hh{iri«ir 

atoms and lon^ Thte suggestion was made by the aiithora Uhil Ma« 41 tjo in e 
andlater wasafflrmedbylohr. PUl. Mag.. 43f pp. 
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series enhanced lines, a state corresponding to 1 © of the ionized alkali 
earths. In the second arrangement, the single outside electron revolves 
in a quantized orbit of unit azimuthal quantum number, about the 
nucleus and the nine remaining electrons. 

Proceeding by a method identical with that used in the derivation 
of the Ritz equation, page 32, we shall compute the energy required to 
eject the outer electron in the configuration 2: 7: 1. 

Let p = number of electrons in inner ring, radius ai 
q= “ 2d radius as 


atomic no. = Z = p + q + k where /c = 2 for spark spectra and 1 for 

arc spectra. 


Ep + T 


ke^ Cl 1 / 2,1 

T + ? + 



(87) 


where 



(pai^ + gasO. 


( 88 ) 


Performing the quantum integration as in Equations (28) and (29) 
we obtain: 


W = - 


Nhck^ 

(na + nr + ay ' 


(89) 


where 


(2 tt )^ fn^e^kci 


(90) 


For the normal state = 1, and expressing our values in volts, 

we find from Equation (89) : 

TVT 1 X X. TT 13.55^2 

Normal state T = ^ * (^l*' 

Eliminating ai and from Equation (88) by use of Equations (47) to 
(49) we obtain from Equation (90) when + n,. = 1 


a 


h r T 4- 10 g 1 

4 L(Z - s,y ^ (Z-p- s,)2j 


(92) 


On account of the assumptions involved in the derivation of Equation 
(92), coplanar orbits, etc., it should not be expected that it would yield 
exact numerical magnitudes. But by applying Equations (91) and 
(92), first to arc spectra and then to spark spectra, the ratios a*/a 
and y*/F mm/ possess some physical significance. Substituting the 
value of V, the simple ionization potential, in Equation (91) and 
solving for a where /c = 1, we may compute a* from the ratio a*/a ob- 
tained through Equation (92), and then by Equation (91) compute V* 
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where fc = 2. We thus obtain the value of the work, expresstMl in 
necessary to remove the second electron from its quantiisod oi’bit' 
simply ionized sodium atom. The equations are ecpially" nppl 
to the other alkalis. We accordingly compute tlu^ following; t 

Element | | 1 ^ 

14 
11 
10 
9 

These voltages should correspond approxiinat(‘ly to tlu^ hig;lH'st 
vergence frequencies of the spark spec'tra. 

In the case of sodium, for example, tlu' (‘opiplcdo s{)a,rk 
requires for its excitation the removal ol one L-e4c‘ct rori (a)rrc%spo 
to the work La = 35 volts, as shown in ( ■liapt(‘r I.\, followcnl hy 
volt collision through which the outer ele(‘(ron is removed, d'lie^ 
work required to remove both electrons is eciuivahnU to t lu' sum of 
voltages or 49 volts. The process may be (dl’t'cttMl in I lu' rovcu%s(' < 
removal of the valence electron requiring 5 volts followt^l by nuno^ 
the Z/-electron at 44 volts, the sum'nec<\ssarily btang tlu' sanuu 
enhanced spectrum should accordingly Ix^gin to app(^ar in a-n a 
about 35 volts. Now by three suce('ssiv(^ impacts r{\sulting: ii 
ejection of valence electron, (2) transition of /.-('l(M*t ron to mnv ({uan 
orbit, (3) ejection of the electron from this lunv orbit, tin' (‘nlui 
spectrum might appear at a somewhat Iow(M- voltag<*. Ilowanuu*, 
three successive impacts are in geiu'ral improbahI(\ wa nuiy eom 
that the enhanced spectrum of sodium aceompani(‘s its L-ra<lie 
at the minimum voltage coiTes})onding to La 35. Tliis eonelusi 
substantiated by the work of Dr. Megg(‘rs tuul tlu' authors. 

In a similar manner, the enhanced sp(M‘inim of potassium s! 
accompany its iff -radiation ai^pearing at tlu^ minimum voltagi^ 
As shown in Chapter IX, ilfa = 20 to 23 volts.^'' \\V stx* in 
that the enhanced lines have put in their app(‘a.ranc{‘ at 25 volts, 
firming the above deductions. 

Likewise, the enhanced spectra of rubidium ami ea(‘sium sh 
accompany their N and 0 x-radiation n\sp(‘ctiv(‘ly. No data 
relative to either these x-rays or the excitation pot(‘ntials for tlu 
hanced spectra. 


Na 1.50 

K 1.50 

Rb !.()() 

Cs l.GS 


19 Mau 2 = 20. When the limits are complex, pixXnUXy t lu* lower value Is eire(alV( 
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^ We may contrast the behavior of the alkalis and the alkali earths. 
Simple ionization of the latter leaves the atom in a normal state for the 
absorption of enhanced lines, in a state where the remaining valence 
electron occupies the 1 ® orbit. Simple ionization of the alkali, however, 
does not do this. As a consequence the entire enhanced spectrum of an 
alkali earth appears at the potential F* corresponding to 1 whereas 
it requires a potential somewhat greater than F* to excite the enhanced 
spectrum of an alkali. For example, in sodium, although F* = 14 
volts, the enhanced lines do not appear below La = 35 volts. Similarly 
with potassium: although F* — 11 volts, it requires 20 volt electronic 
impact to produce the enhanced lines. 

Table XXII summarizes the development in the spectra of metals 
of Group I, excited by electronic discharge. 


The Eahe Gases 

The spectra of the rare gases, except ionized helium, are character- 
ized by exceedingly complicated combination systems of series lines. 
Most of the fundamentally important lines should lie far in the ultra- 
violet, in many cases beyond the range of the vacuum spectrograph. 

Heliicni. — As seen from Table XIV helium has an ionization potential 
about 25.5 volts and two resonance potentials at 20.4 and 21.2 volts. 
If we could reason by analogy to the alkali earths, we should expect a 
single line spectrum, X 603, at 20.4 volts and a two-line spectrum, X 603 
and X 580 at 21.2 volts. However, as discussed in the section on ‘‘The 
Normal Helium Atom,” Chapter III, only the line 585 is known, and 
the true significance of and nomenclature for this line is possibly a 
matter of doubt. We are accordingly unable to draw any conclusion 
i n regard to the excitation of helium lines below the ionization potential.^® 

The work of double ionization of Bohr’s normal coplanar helium 
atom should be 83 volts, as shown by Equation (65). We have seen that 
this configuration is incorrect, since it gives 28.8 instead of 25.5 for the 
ionization potential. We may, however, readily determine the work 
required to remove the second electron after the first has been ejected. 
This value, computed from Equation (20) by putting Z = 2, is 54.2 
volts. Hence the correct value for the work of double ionization is 
54.2 + 25.5 or 79.7 volts.^i 

=0 Franck and Knipping’s work, as discussed on page 73, indicates the presence of 
liS — 2P and 15 — 3P below ionization. See also important foot note 39, page 77, added smce 
book was in page proof. 

21 Possibly 79.5 is a closer value. 


TABLE XXII 


134 


ORIGIN OF SPECTRA 



LINE EMISSION SPECTRA 


135 


Accordingly, the arc lines represented by Figure 10 should appear 
at a potential of 25.5 volts. Spark lines should be excited at 54.2 volts 
in case the impacting electron collides with a simply ionized atom. A 
79.7 volt electron is capable of doubly ionizing the normal atom so that 
an increase in intensity of the spark lines may take place at this voltage. 

We have seen from Figure 2 that the wave-lengths and even the fine 
structure of the spark lines are accurately given by Equation (22). 
The mean wave-length of each spark line is fairly closely represented 
by the simpler Equation (9') in which the higher order terms of Equa- 
tion (22) are omitted: 



Table XXIII gives the computed wave-lengths for the first and second 
terms and convergence of each of the four series where n = 1, 2, 3, 4 
respectively. In a general way the first series corresponds to the 


TABLE XXIII 

Important Enhanced Lines of Helium 


Line 

4AiH. 

\i2 w 

iNm 

\22 m?) 

4 AHe 

W m?/ 

4:Nb.' 

(---) 

\42 mv 


m 

\{vac) 

m 

'k{vac) 

m 

\{air) 

m 

XCair) 

First 

2 

304 A 

3 

1640 A 

4 

4686 A 

5 

10124 A 

Second 

3 

256 

4 

1215 

5 

3203 

6 

6560 

Convergence 

00 

228 

00 

911 

00 

2050 

00 

3644 

Corresponding 
series in hydrogen 

Lyman 

Balmer 

Paschen 

Brackett* 


* Of. Nature, 109, p. 209 (1922). 


principal doublet enhanced series of the alkali earths and the second 
series to the subordinate doublet series of these metals, while the direct 
observations on the excitation potential for the enhanced lines of helium 
are confined to the line X 4686 of the third series. We maybe certain, 
however, if the latter appears, the lines of the more important series are 
also present in even greater intensity. 

Compton and Lilly, using a two electrode discharge tube, observed 
the emission of the arc lines of helium. Figure 10, at an applied potential 
of 25 to 35 volts. The spark line X 4686, in an intense arc, was observed 

22 Astrophys. J., 52, pp. 1-7 (1920). 
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at a minimum potential of 55 volts, and the brightness of the line in- 
creased considerably at 80 volts. At low gas pressure and current 
density X 4686 was not perceptibly excited below 80 volts. Under 
these conditions two successive collisions, each resulting in the expulsion 
of a single electron, were much less probable than a single 80 volt collision 
resulting in the ejection of two electrons. 

We may accordingly conclude that, as predicted by theory, the arc 
spectrum of helium appears at 25.5 volts, the ionization potential, and 
that the spark lines are excited at 54.2, by successive impact, and at 79.7 
by single impact, the latter values corresponding respectively to the 
work required to eject the second electron after the first is removed, and 
to the work required to eject both electrons. 

Neon . — The intricate spectrum of neon has been recently correlated 
in series by Paschen.^^ It is characterized by sequences of the form 
1 Ss — mpy, which are analogous to the principal series of the metals, 
and sequences of the form 2 — mdy and 2 — 7n$y, which are analo- 

gous to the subordinate series of the metals. As shown in Table XIV 
there are two resonance potentials and three ionization potentials. The 
latter all correspond to the removal of a single electron as none is great 
enough to represent successive or double ionization. Apparently there 
are three slightly different energy levels in which the outer shell of 
eight electrons are distributed. The work required to remove a second 
electron from the neon atom after the first has been ejected cannot be 
computed nor has it been observed experimentally. 

Horton and Davies^^ have observed visually the stage development 
in the neon spectrum at the three ionization potentials. Their con- 
clusions are summarized as follows. 


First ionization 16.7 volts. No visible radiation. Probably all the radiation 
... lies in the extreme ultra-violet. 

S^ond lomzation 20.0 volts. Principal series lines 1 Sx — mpy begin to appear. 

Third ionization 22.8 volts. Subordinate series lines 2 px — iiiS]/ and 2 px — 

mdy begin to appear. 

Apparently the phenomena concerned with the production of the 
arc lines of neon are nearly as complicated as the spectrum itself. The 
series relations in the arc spectrum may be intimately connected with 
those in the L series of the x-radiation.^^ Higher types of spectra which 
are probably enhanced lines may be obtained in a spark discharge but 


This work is simply summarized 


23 Aim. Physik, 60, p. 405 (1919); 63. p. 201 (1920) 

^SpSi. lltr4T. 
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BO attempts have been made to relate these to the velocity loss at elec- 
tronic impact, 

Franck and Einsporn's Observations on Mercury 

In order to discuss the recent paper of Franck and Einsporn^® with 
sufficient clarity, it appeared advisable to consider it following the 
foregoing sections, rather than to have introduced it earlier in the treat- 
ment of the metals of Group 11. These investigators obtained evidence 
that there are a large number of resonance potentials in mercury vapor 
and that lines which have never been observed should be present in 
considerable intensity. 

The method^^ employed is a common one in the determination of 
critical potentials (see general references to Chapter III) . The electrons 
from a hot wire fall through a definite potential and collide with mercury 
atoms. The radiation, emitted by an atom in returning to or toward 
the normal state following the disturbance produced by an inelastic 
impact, is measured by its photo-electric effect upon anauxiliary electrode. 
The photo-electric current leaving this electrode is plotted as a function 
of the accelerating voltage of the impacting electrons. As the velocity, 
or equivalent voltage, of the latter is gradually increased, an increase 
in the radiation, and hence in the observed photo-electric current, 
cakes place at each critical voltage representing an inelastic impact. 
Ordinarily one observes an increase at 4.9 and 6.7 volts corresponding 
to the well-known resonance potentials, an increase at 10.3 corresponding 
to ionization, and further increases at combinations of these values such 
as 4.9 + 4.9 = 9.8; 4.9 + 6.7 = 11.6, etc. These latter represent 
successive collisions of the impacting electrons. 

Franck and Einsporn^s curves, which were obtained with the greatest 
precision, show these, and many more, rapid increases, as illustrated by 
Figure 25. In Table 24 is their interpretation of the observed critical 
voltages. Column 2 gives the observed voltages obtained from Figure 
25 and similar curves; column 6 the series notation of the radiation 
supposedly producing the effects observed; and the last column gives the 
values computed from the wave numbers by Equation (63). Point 
No, 3 at 5.32 volts corresponds closely to measurements of McLennan 
and Edwards,^^ who found a group of absorption bands in mercury 

-’6Z. Physik, 2, pp. 18-29 (1920). 

27 This method, which permits of many modifications, was devised by Davis and Goucher. 
Phys. R. 10, p. 101 (1917), and has proved to be one of the most important means for the 
study of electron impact. 

28 Phil. Mag.. 30, pp. 695-700 (1915). 
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vapor between X 2313 and X 2338. These have been since obsei-’ 
as emission bands by Grotrian.^^ Probably they have no relation 
the arc spectrum of the atom. 

Point 13 corresponds to a displacement of the valence electron to 
3 orbit and point 14 to a displacement to either 3 P or 3 d'. Poi 



16 and 17 may be due to displacements to higher energy levels or may 
the result of two successive collisions, each displacing an electron to a ! 
orbit. Besides these ejections to the higher mp 2 and wP orbits wo n( 
displacements to 2 'pz in points 1, 15 and possibly 16, and to 2 pi 
point 4. Point 5 corresponds to the removal of an electron from the 2 
orbit, an effect of cumulative ionization (Chapter VI). 

29 Z. Physik, 5. pp. 148-58 (1921). 
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TABLE XXIV 


Critical Voltages in Mercury Vapor; France and Einsporn 


No. 

Observed 

Volts 

Intensity of 
Radiation 

X 

V 

Notation 

Computed 

Volts 

1 

4.68 

Strong. 

2656 

37643 

1 S - 2 

4.66 

2 

4.9 

Very strong, especially 
at high pressure. 

2537 

39413 

1 <S - 2 

4.86 

3 

5.32 

Weak. 

2313 
to 2338 


? 

5.3 

4 

5.47 

Weak; at medium pres- 
sure strong. 

2271 

44041 

1*8 -2 Pi 

5.43 

B 

5.76 

Strong. 

2150 

46534 

2P3 

5.73 

6 

6.04 

Weak. 

? 

? 

? 

i ? 

7 

■ 6.30 

Weak. 

? 

1 ? 

? 

? 

8 

6.73 

Medium strong. 

1849 

54066 

1*8 ~2P 

6.67 

9 

7.12 

Strong at high pres- 
sure; weak at low 
pressure. 

•? 

? 

? 

? 

10 

7.46 

Medium strong. 

? 

? 

? 

? 

11 

7.73 

Medium strong. 

1604 

62347 

1*8 - Is 

7.69 

12 

S.35 

Weak. 

? 

? 

? 

? 

13 

8.64 

1 Weak. 

1436 

69658 

1 *8 - 3 P2 

8.58 

14 

8.86 

Medium strong. 

1403 

1400 

71291 

71393 

1*8 -3P 
1 *8 - 3 d' 

8.79 

8.81 

15 

9.37 

Weak. 

2656 

-i-2656 

37643 

1 *8 — 2 p3 

4.66 + 4.66 
= 9.32 

16 

9.60 

Weak. 

1308 
/ 2556 
\+2537 

76463 

37643 

39413 

1*8 -4p2 
1 18 — 2 p3 
1 *8 — 2 p2 

9.44 

4.66+4.86 
= 9.52 

17 

9.79 

Medium strong. 

/ 2537 
1+2537 
1269 

39413 

78810 

1 8 — 2 p2 
1 *8 — 2 p2 
18 - 4P 

4.86 + 4.86 
= 9.72 
9.73 

18 

10.38 

Strong at low pressure; 
weak at high pressure. 

1188 

84178 

18 

10.39 
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There is nothing contradictory to the quantum theory in the presence 
of inelastic impacts corresponding to 1 ^ — 2 pi and 1 — 2 p.i or to 

the other higher mp and mP terms. Displacement by electro'yi'ic impact 
to 2 Pi or 2 pz does not violate the principle of selection even when 
applied to so restricted a theory as that involved by Sommcrfcld’s 
internal quantum numbers, since no radiation is absorbed oi* emitted. 
However, these inelastic collisions were observed through the effect of 
the resulting radiation. Moreover, if an electron is displaced to 2 pz, 
the next orbit to 1 S, the only radiation which can be emitted directly 
would appear to be 1 -- 2 pz- Figure 25 shows that the increase in 

photo-electric current, which is proportional to the intensity of radiation, 
is just as great SbS 1 S — 2 pz (4.68 volts) as at 1 S —2 p 2 (4.9 volts). 
Hence this unknown line X 2656 should have been as bright as the well- 
known line X 2537. It is scarcely possible that if such a line existed 
it would not have been observed in the arc spectrum of mercury, which 
has been investigated with almost all possible electron velocities in this 
neighborhood. A similar statement applies to the emission of 1 — 

2 pu X 2271. Possibly the inelastic impacts corresponding to these lines 
exist and a secondary process such as interatomic collision produces a 
transfer from 2 pi or 2 pz to 2 p 2 , so that the resulting radiation is 1 /S ■— 

2 p 2 . Or ejection of a valence electron to 2 pi and 2 pz may give rise to ii 
metastable form of the atom which, as discussed on page 106, possesses 
an electron affinity. Molecules may be then formed and the increase 
in the photo-electric current may be due to the decomposition of these 
metastable compounds of excited and normal atoms. 

The subject is by no means closed. If further work more clearly 
interprets and verifies the present observations, it will not seriously 
conflict with the principles developed in this book. In the discussion 
of resonance potentials where we have made the statement only two 
resonance potentials exist^’ we may eventually modify this to read 
“only two important or pronounced resonance potentials exist, admit- 
ting the possibility of a relatively small number of displacements to 
higher energy levels. Possibly some one will be able to demonstrate 
that lines involving higher series terms are emitted as a result of elec- 
tronic inapact below the ionization potential, all other effects of cumula- 
tive ionization being subordinated. At the present time, however, 
cumulative ionization and the few high velocity electrons always present 
on account of velocity distribution are easily sufficient to explain all 
experiments where higher series terms have been observed spectroscopi- 
cally below the ionization potential. 

^0 Sonunerfeld. “Atombau.” 3d Ed., Chapter VI. Section 5. 
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Quantitatia/e Spectroscopic Analysis in its Relation to the 

Origin of Spectra 

The possibility of making quantitative analyses by spectroscopic 
means has been agitated for a century. Some success has been attained 
in the past, but many of the excellent ideas proposed by such pioneers 
in this field as Lockyer,^^ Hartley^^ and more recently by de Gramont^^ 
have not received the attention they merit. For several years Dr. 
W. F. Meggers and his colleagues have been engaged in a systematic 
investigation of the possibilities of the method and have clearly demon- 
strated that quantitative analyses can be made, at least when the 
material sought occurs in small percentages, of the order of one per cent 
and less.^^ 

Several experimental facts have been disclosed in this work which 
have some bearing upon the subject matter of this book. These will 
be considered in detail in a future paper by Dr. Meggers, who has placed 
the preliminary draft of his manuscript at our disposal. The empirically 
developed subject of spectroscopic analysis has to deal with two general 
phenomena: (1) the ^Tong lines’’ of Lockyer, and (2) the ‘^raies ultimes” 
of de Gramont or ^'persistent” lines of Hartley. As to the application 
of these phenomena to precise analysis, the original papers of Meggers 
must be consulted. 

Long Lines. — If the entire spark or arc discharge is focused on the 
slit of a spectroscope so that the poles appear in the spectrum, certain 
lines of an impurity, or element occurring in a small proportion, appear 
long, extending from pole to pole, while the emission of other spectral 
lines is confined to a short distance in the immediate neighborhood of 
the poles. With increasing percentage of impurity the short lines 
increase in length . 

Raies Ultimes. — As the percentage of the impurity is decreased, 
more and more of its spectral lines disappear. Certain lines, however, 
persist even when the impurity, magnesium for example, is present in 
the extremely minute extent of one part in 10^°. The persistent lines, 
termed by de Gramont, "raies ultimes,” were recognized as not being 
necessarily the strong or intense lines of the ordinary spectrum. Further- 
more the type of persistent line depends upon the method of excitation. 

In general the sensitive lines for any element are both "long lines” 
and "raies ultimes.” Discrepancies arise here and there which are 


31 Phn. Trans. 163, pp. 253, 639 (1873). 

33 Ann! Sfm^p^hys\^7?pp. 437-^^^ (1909). Oompt. rend., 171, p. 11 06 C1920). 

34 Meggers. luess and Stimson, Bur. Standards Sci. Paper No. 444. 


142 


ORIGIN OF SPECTRA 


probably attributable to the fact that different observers have investi- 
gated different spectral regions and certain lines have been thought to 
have been the long lines when the actual long lines may lie in a spectral 
region not yet investigated carefully. 

Table XXV summarizes Dr. Megger's correlation of the raies ultimes 
made from empirical spectroscopic observations. It may be found, 
especially with elements of other than Groups I and II of the periodic 
table, that as the spectral range investigated is extended, even more 
sensitive lines will be discovered replacing some of those here listed. 


TABLE XXV 

Raies Ultimes or the Elements 


Intensity 


Arc 

Spark 


20 

20 

1 s — 2pi 

Is — 2 Pi 

10 

8 

2 p — 4:d 

50 

20 

1 s — 2 Pi 

35 

15 

Is — 2 Pa 

30 

20 

1 s — 3 Pi 

40 

30 

Is — 2 Pi 

30 

20 

1 s — 2 Pi 

30 

20 

1 s — 3 Pi 

30 

20 

1 s — 3 pi 

20 

10 

1 s 3 Pa 

20 

10 

1 s — 3 Pi 

10 

5 

Is - 3p., 

100 

30 

1 s — 2 

100 

30 

1 s — 2 Pi 

10 

20 

Is 2 pi 

100 

20 

— 2P 

20 

50 

1 <S - 2^1 

100 

10 

IS - 2P 

50 

100 

- 2^1 

50 

20 

IS - 2P 

20 

40 

1<S - 2 ^^i 

10 

10 

IS — 2P 

10 

20 

1 © - 2 5Pi 

8 

5 

IS— 2 Pi 

4 

4 

IS - 2P 

20 

6 

1 S — 2 Pi 

10 

10 

IS - 2P 

4 1 

8 

1 © - 2 


Element 


Li. 


Xa . 


Wave-length 
'Angstrom Units 


Cs. 


6707.85 

6708.00 
4602.19 

5889.96 

5895.93 
3302.35 

7664.94 

7669.01 
4044.15 

Eb j 4201.82 

4215.56 
4555.3 

4593.2 

3247.53 

3280.66 

2427.97 
2852.13 

2795.53 
4226.72 

3933.67 
4607.34 
4077.75 

5535.53 

4554.04 
3075.88 

2138.5 

3261.05 
2288.03 
2144.39 


Cu . 

Ag.. 

Au. 

Mg. 


Ca. 


, 


Ba. 


Zn. 
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TABLE XXN — Continued 
Rates Ultimes of the Elements 


Element 

Wave-length 
Angstrom Units 

Intensity 

Notation 

Arc 

Spark 

Hg 

2536.52 

10 

10 

1 iS — 2 p2 

Sc ' 

3630.75 

15 

50 


Yt 

3710.29 

30 

100 


A1 

3961.54 

100 

20 

1 

Co 

Ga 

4172.05 

30 

20 

2 Pi — Is 

In 

4511.37 

100 

20 

2 Pi — 1 s 

T1 

5350.49 

100 

30 

2 Pi — 1 s 

C 

2478.6 

10 

10 


Si 

2881.59 

30 

15 


Ti 

3361.22 

10 

30 


Zr 

3391.98 

10 

20 


Ge 

. 3039.08 

50 

20 


Sn 

2863.32 

20 

15 



3262.31 

100 

30 


Pb ; 

4057.84 

100 

50 


V 

4379.24 

30 

30 


Cb 

4058.97 

50 

10 


Ta 

3311.13 

10 

3 


P 

2535.63 


5 



2553.32 


5 


As 

2349.84 

10 

10 



2780.24 

10 

10 
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TABLE XKV — Continued 
Raies Ultimes op the Elements 


Element 

Wave-length 
Angstrom Uniti 

Intensity 

ISTotati 

s 

Arc 

Spark 


Sb 

2528.54 

10 

20 

1 

Bi 

3067.69 

100 

30 


Cr 

3578.68 

30 

20 



3593.48 

30 

20 



4254.34 

50 

50 


Mo 

3798.25 

50 

20 



3864.11 

50 

20 


W 

4008.77 

10 

10 


Te 

2385.81 

3 

20 


Mn 

2576.15 

4 

30 



4030.80 

100 

20 


Fe 

2382.04 

6 

10 



2749.33 

4 

20 



3734.86 

5 

10 


Co 

2388.93 

2 

10 


Xi 

2416.15 

2 

15 


Ru 

3498.95 

50 

8 


Rh 

3434.90 

100 

10 


Pd 

3609.55 

100 

50 


Ir 

3220.79 

15 

5 


pt 

3922.96 

10 

15 



is that these 

are almost always prominent absorption lines, and are in 
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cases the first lines of series converging at 1 S or Is, where the spectrum 
of the element concerned has been correlated in series. 

That is, they are the same lines which determine the value of the 
resonance potential, or which appear in the so-called single-line spectrum 
of the element excited below the ionization potential. We accordingly 
have another method for locating these fundamentally important lines 
of elements for which the series relations have not been as yet established. 

If the spectra are excited in the arc the raie ultimo is usually the 
first line of a fundamentally important arc series; if in a condensed 
spark, usually the first line of a fundamentally important spark series. 
This fact is indicated by the intensity relations given in Table XXV. 

Figure 26 clearly illustrates these conclusions. The material in- 
vestigated was carbon, which contained small amounts of a large number 
of impurities for sevei^al of which the series relations are known. The 
outer spectrogram in each group was obtained with a spark discharge. 
The magnesium lines appearing are the pair X 2795 — 2802, 1 © — 2 ^ 
belonging to the spark spectrum and the single line X 2852, 1 S — 2 P, 
of the arc spectrum, the former being present in the greater intensity. 
The second spectrogram of each group was obtained in an arc discharge. 
Here again the spark pair 1 © — 2 ^ is present, but with less intensity 
than the arc line 1 >S — 2 P. The inner two spectrograms are the 
ordinary arc and spark spectra of magnesium. Certain lines which 
are extremely intense in these spectra are readily seen to be absent when 
the amount of the metal is decreased, as in the two outer spectrograms, 
so that the phenomenon is not at all a matter of relative intensity with 
the ordinarily brighter lines persisting when the dilution increases. 
Similar results may be noted with calcium. The spark pair 1 © — 2 *^5 
and the single line 1 S — 2 P are prominent. Another calcium pair is 
also present, belonging to a subordinate series in the spark spectrum. 
This is due to the fact that more calcium is present than is necessary 
to produce the raies ultimes alone. At percentages of Ca> 0.001 per 
cent, this second pair is always found, while for lower percentages only 
the raies ultimes are present, one of the empirically determined and 
useful facts of spectroscopic analysis. 

In addition to these lines we note the appearance of the first pair of 
the principal series of both copper and silver. By analogy one would 
conclude that the sensitive lines shown for the other impurities should 
also belong to fundamentally important series of a similar type, but 
unfortunately these are unknown. 

Figure 27 shows some long and short lines in the spark spectra of two 
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different alloys. For example, the three aluminum lines X 
and 3613 in the upper spectrogram appear at the electrodes only, 
the lines X 3944, 3962 are long lines extending throughout- the 
between the electrodes. The latter constitute the first pair of t 
Subordinate series while the classification of the fonuer is unknown 
the lower spectrogram one may readily note the difference in app<‘a- 
of the lead lines X 4019, 4168 and the lines X 4245, 4387, tlie lattca* 
‘"short” lines, as is evidenced by the very much higiua* intensity i\ 
poles. 

This figure is given simpty to indicate the general apf)en,ran 
long and short lines. Unfortunately photographs, suitable for r('pr< 
tion, are not available to the authors to clearly illustrate tlu^ pr 
discussion of the physical behavior of long lines. Most of thc^ wo 
this field has been done either with elements for which the s(al(\s 
tions are unknown or has embraced a too limited porilon of the siXH‘t 

A careful study of Table XXV shows that sonic fundanu'n 
important series lines do not appear to be raies ultimes, for exa 
the line 1 ^ — 2 p 2 , X 4571 of magnesium. Why this should be t r 
not apparent. In fact the true physical significance of all the fort'jj 
phenomena is not evident, and will involve further study. 

We probably have in the arc or spark a distribution of poll' 
in which most of the gradient is confined to the anode and cathoch', 
very httle drop in the arc itself. Consequently the electrons, I'X 
near the electrodes, may not accumulate velocities exceeding tlu‘ i 
nance potentials of the impurities. Accordingly lines of tlu^ arc^ 
spark spectra other than those of the so-called fundameiita-l iypi' 
not be excited throughout the central portion of the arc. Furtlunii 
the excitation of these fundamentally important lines may giv(‘ ris 
resonance radiation which through absorption and re-emission hoco 
uniformly distributed throughout the volume of vapor, thus accHuit ua 
the presence of the “long lines.” 

^ V e are able to offer only a suggestion in regard to the origin of 
raies ultimes. Suppose Zn occurs as an impurity in Afg to the mi 
1 Zn atom for every 100,000 Mg atoms. The arc spectrum will si 
all arc lines of Mg and the Zn arc lines 1 S — 2 po and 1 S — 2 /k 
raies ultimes of Zn. We may assume that since the electrons emit 
by the cathode can not be discriminatory, the probalfility of collie 
wt a metal atom is proportional to its concentration. 

Hence m general an arc line of Zn will be 1/100,000 as intense^''^^ ns 

of modifying factors such as differences in ionization potential, crons se( 
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corresponding line in Mg, and would certainly not be observed. But 
in the case of resonance lines (lines absorbed and re-emitted by the 
surrounding vapor) the above reasoning does not hold. The absorption 
factor’ increases with the concentration. Hence only for extremely 
rare vapors is the intensity of emission proportional to the concentra- 
■tion, and with increasing partial pressure of the absorbing atoms a stage 
is soon reached where the increase in intensity becomes relatively small. 
The problem of the arc discharge is so complicated that a mathematical 
treatment of the subject is out of the question, but in the much simpler 
case of flame spectra (Chapter VII) the emission of resonance lines under 
thermal excitation is treated in some detail. The theory is applied 
only to dilute vapors, but the equations used indicate the manner in 
which the absorption factor would enter with increased concentration. 
These considerations apply equally well to either electrical or thermal 
excitation. 

The quantitative results for extremely dilute vapors in flames indi- 
cate that in an arc the thermal excitation alone would suffice to explain 
the appearance of the raies ultimes of minute traces of an element. 
This fact together with the above mentioned absorption factor gives 
at least a qualitative explanation for the appearance of resonance lines 
of an impurity, with an intensity comparable to that of the arc lines 
of a concentrated vapor. The fact that some of the raies ultimes listed 
in Table XXV are subordinate series lines is not necessarily in con- 
tradiction to the above theory. Resonance lines of normal atoms are 
indeed principal series lines, but if the resonance potential is very low, 
many of the atoms in an arc will be in the 2 p state. These excited 
atoms will absorb and re-emit subordinate series lines. For such atoms, 
lines of subordinate series will possess the characteristics of raies 
ultimes” and ^Tong lines.” 


Chapter VI 
Cumulative Ionization 

Cumulative ionization denotes tlu> proc(‘Hs wlu'rcby at < huh n 
ionized by successive stages of excitation. (1) A valoiua* <•!(•(•{ m 
be ejected to an outer orbit such as 2 p« by ek'ci nmic colH.sinti .a 
excited atom thus formed may collide with a second ele<‘lron ha 
velocity sufficient to completely eject the valence electron, 
process is known as ionization by tniccrssii'e inipad. (2i .\ v 
electron may be ejected to an outer orbit l)y absorpt ion of rad 
and the excited atom thus formed may collides with a?i ele<d nm ha 
velocity sufficient to complete the proc(“ss of ionization, tke 
designates this as photo-impact ionization. (3) The valence «‘I 
may be ejected to an outer orbit by absorption of nidiatitni. at 
process of line absorption continued until the atom is iotuze<l. 
may be called ionization by succcus-ive photo-iircln'r <uiion. 'I’hes 
cesses may be of course jointly involvtal with .several alisorpti* 
radiation followed by an electronic impact. 

K. T. Compton* has made a mathematieid analy.sis of the pro 
(1) and (2). He has derived an e.xprt'ssion, in ha-ms of m<>a,sur:d tie 
titles, which gives the fractional number of gas atoms .-it any inst 
the excited state, and hence in a condition for ioniz.-dion by (‘let- 
impact below the ionization potential; (1) as n-sult of elec 
collision and (2) as a result of absorption of r(‘,sonanet' radi.ation 
neighboring atoms which have been prtwiously exeittsi by elec 
impact. Necessarily rather questionable assumptions must be 
in order to simplify the analysis, but the re.sults are proli.-ddy some' 
near the correct order of magnitude, which is suflieit-nt for the pr< 
The following outlines Compton’s method in tlu; treatment o 
problem. 

Figure 28 represents a cylindrical, two-electrodt^ discharge 
filled with vapor, in which A is the anode and C tht- hot wirt- e.-it 
mounted concentrically. If the accelerating lit-ld r is fe.s-.s thai 

1 Phys. R., 20 (1922). 
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ionization potential Vi but greater than the resonance potential Vrt 
inelastic collisions will occur resulting in excitation of the atoms and 
subsequent emission of radiation. For a given applied potential differ- 
ence y, an individual electron will attain a velocity Vr at a certain 
distance from the cathode. However, since an impact with an atom 
may not occur at precisely the instant the electron attains this velocity, 
and for another reason explained later, we shall have for all the emitted 
electrons a region of effective collision, a small volume inclosed by two 
concentric cylindrical surfaces, represented by the shaded portion of the 
diagram. 



Excitation by Electronic Impact 

Let the n electrons emitted per second by the cathode collide effectu- 
ally in the shaded space of Figure 28. Excited atoms are accordingly 
produced which remain in the excited state for an average time interval 
r second. If P denotes the fractional number of atoms which at any 
instant, for any reason whatever, are in the excited condition, then 
72(1 -P) atoms are excited per second by electronic impact, and the aggre- 
gate time of excitation of all the atoms is n (1 — P) r. This dmded 
by the total number of atoms in the shaded volume gives the fractional 
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number of atoms which at any instant are in the excited state as the 
direct result of electronic impact. Calling this fraction we have 
nil — P)r _ nr 
vNp vNp ’ 




approximately (93) 


where p is the gas pressure in mm Hg, N is the number of atoms per 
cm^ at a pressure of 1 mm Hg and v is the volume of the shaded cylindri- 
cal shell within which the effective impacts occur. If / is the length of 
this volume and 8 its width, evidently 

z; = 2 7r(6 + c)fd, (94) 

From the distribution of potential in a concentidc arrangement 
such as here considered we find 

y-Vr a 

& + c = ae“’ ^ (95) 

where a and c are the respective radii of the anode and cathode. The 
calculation of 8 is more difficult, for it depends on the average distance 
which the electrons move beyond the point at which they have acquired 
the velocity Vr before making an effective impact, and also on the 
distribution of velocities of electrons which causes them to gain the 
critical velocity at different distances from the cathode. Compton 
derives the formula 


-'/i 


+ -^(b + c)ln-, 


(96) 


in which y ^ p 

I = mean free path of an electron at a pressure of 1 mm Hg 
aT = average kinetic energy of an atom at the cathode temperature jP. 
We accordingly obtain from Equations (93), (94) and (95) 


Pi = 


nr 


(97) 


2 7r(6 + c)f8Np ^ 

where 8 may be computed from Equation (96). This gives the frac- 
tional number of atoms which at any instant are in the excited state as 
the direct result of impact. 


Excitation by Absorption of Radiationt 

Impacts in the shaded layer produce radiation which is absorbed 
and re-emitted by atom after atom before escaping from the vapor so 
that, as a result of the activation of a single atom by direct impact, 
many other atoms are successively activated through absorption of the 
emitted radiation. Thus at any instant the fractional number of 
atoms in the excited state as a result of absorption of radiation should 
be greater than if much absorption occurs. 
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The quanta of radiation are passed on from atom to atom, diffusing 
thiough the vapor in all directions in a manner analogous to the diffusion 
of a foreign gas, and accordingly the same mathematical procedure 
may be employed in the treatment of the two problems. A beam of light 
passing through an absorbing or scattering medium decreases in intensity 
according to the law 

I = 7o6-^% (98) 

where k is the absorption coefficient. A stream of particles passing 
through a gas is reduced by collisions or scattering according to the law 

n = (99) 

where I is the mean free path. 

We may define p as the reciprocal of the absorption coefficient k, 
'i*e. as the distance in which the intensity of a beam of monochromatic 
radiation through a vapor at 1 mm pressure decreases to 1/e of its initial 
value. By analogy to Equation (99), this is the mean free path of a 
quantum in a gas at 1 mm pressure, and the mean free path at p rmn 
pressure is accordingly p/p. Although in our particular problem some 
of the atoms are excited and hence are incapable of absorbing or scatter- 
ing resonance radiation, the fractional number^ in this condition is too 
small to alter materially the value of the mean free path p/p strictly 
applicable to normal atoms. Accordingly the average speed c of the 
radiation is equal to the distance p/p divided by the time r in which an 
atom on the average remains in the excited condition. We may there- 
fore apply the diffusion equation: 




( 100 ) 


3p drj 

where N' is the number of excited atoms per cm^ at any point at any 
instant in the vapor of pressure p, R is the net rate at which atoms are 
excited by direct electron collision and r? is the outward normal to the 
closed surface over which the surface integral and within which the 
volume integral are taken. For details as to the application of Equation 
(100) in the solution of our problem, the original paper must be consulted. 
Compton shows that with reasonable assumptions and for V not very 
much greater than E, the following expression is derivable. 

N' = 

2 7r/p2 V 

Since there are Np atoms, N' of which at any instant are in the excited 
State, we obtain 

— — 3 V — 

^ ~~ Np 2 wfN p^ V 




( 101 ) 




P 


( 102 ) 
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Ntjmeeical Magnitudes 


The relative importance of P, and P« is obtained on 
Equation (102) by Equation (97) as follows. 

P, 3 v\b + c)dV - Vr a 
P, ~ F ” c ’ 


dividing 


(103) 


As mentioned on page 89 Wood found that the intensity of the 
resonance radiation of mercury X 2537 was reduced to J its value in 
traversing a distance of 0.5 cm through mercury vapor at a pressure 
0.001 mm Hg. This datum in the above defined units makes p == 0.0007. 
Reasonable constants for* the dimensions of the discharge tube are : 
a = 0.5 cm; c = 0.025 cm; / = 1 cm. For mercury Vr = 4.9 volts. Let 
the total applied potential exceed this by one volt, i.e. F = 5.9. 

On carrying through the computations involved in Equation (96) 
it is found that 8 is roughly constant, averaging about 8 = .04 for a wide 
range of pressure and temperature of the cathode. We thus obtain 
from (103) 

^ = 40,000 

= 40,000 at 1 mm pressure 


== 4,000,000 at 10 mm pressure. 

Now the probability of an electron colliding with an excited atom 
and of ionizing below the ionization potential is proportional to + 
Pi, It is therefore evident that ionization by photo-impact is relatively 
of far greater importance than ionization by successive impact, es- 
pecially at the higher vapor pressures. 

We shall now consider Equation (102) to determine whether ioniza- 
tion by photo-impact is, in itself, an important factor in arc phenomena. 
One serious difficulty here is our inadequate knowledge of the quantity r 
an estimate of which was stated in Chapter IV to be 10“^ seconds. 
Using this value and the data given above we accordingly obtain from 
( 102 ) 

Pr= 5-10-«^ = 10-19 pn. 


The number of electrons n leaving the cathode in the absence of any 
ionization is limited by the space charge and may be computed from the 
Langmuir formula n = 1 . 8 -lO^^ = 2.5 -lO^^ in which the constants 

of the particular apparatus have been substituted. This relation is 
strictly true only in vacuo, and actually, the current will be somewhat 
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less since the presence of the gas around the cathode reduces the rate of 
escape of electrons. We finally obtain for in this favorable case: 

Pr = 2.5 • 10-4 p, 

or at a pressure of 2 mm Hg, = 5 • 10-4. jf ^ = (cf. StarF 

for work with helium) this value should be increased by a factor of 60. 

Arcs below the Ionization Potential 

It is a well-known observation that arcs in vapors may be struck 
when the applied potential is only slightly greater than the resonance 
potential. We shall show that the computed value of Pr is sufficient to 
explain this phenomenon. If Pr represents the fractional number of 
excited atoms at any instant and n the number of electrons emitted 
per second by the cathode in the absence of ionization, the number of 
electronic collisions per second in the shaded space of Figure 28, which 
occur with excited atoms, is nP,.. If F > (Vi — F;.), these collisions 
result in the production of nPr ions per second. 

The ionization of an atom increases the current in two ways, first by 
releasing an electron and second by creating a slowly moving positive 
ion and thus neutralizing a part of the negative space charge which 
limits the thermionic emission. The positive ion remains in the field 
4 V3680 M times as long as an electron, where M is the atomic weight 
of the atom-ion. One ion accordingly neutralizes the effect on the space 
charge of 4V3680 M electrons. This permits the emission of more 
electrons from the cathode, some of which in turn collide with excited 
atoms, produce more ions and release more electrons. Compton shows 
that under these conditions the total number n' of electrons leaving the 
cathode per second is 

, (104) 

1-4 V3680 M Pr 

where Pr as before is the fractional nmnber of atoms which at any 
instant are excited by the radiation produced by an emission of n elec- 
trons per second, that is, in the absence of any cumulative ionization. 
As Pr is increased, the ratio n'/n increases more and more rapidly, 
becoming infinite atP,= 1/4V'3680 M were the emission not limited 
physically by the value corresponding to the saturation thermionic 
current at the temperature of the cathode. With mercury such a 
condition is reached when Pr = 2.91* 10-4, whereas our computed value 


2 Ann. Physik, 49, p. 731 (1916). 
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of Pt at 2 mm pressure was nearly double this. The value Pr— 
was computed, however, with very favorable assumptions. If Pr is 
only 2.9- 10--^ we find by Equation (104) that n'/n = ,1000. Observed 
values range roughly from 2 to 100. The observed rapid increase in 
current just before the arc strikes is accordingly amply explained by 
cumulative ionization of the photo-impact type. 

This rapid increase in ionization and resulting production of ions 
thus neutralizes the space charge, and as the electron emission is limited 
by its saturation value, finally develops a positive space charge. When 
the space charge becomes positive, the potential drop is concentrated 
at the cathode so that the electrons attain their critical speed within a 
short distance from the cathode. This concentration of the region of 
effective impacts tends further to incriease the probability of cumulative 
ionization. At the same time the temperature of the cathode is raised 
by the bombardment of the positive ions^ which again increases n and 
Pf, We now have a condition of instability: the arc strikes, and the 
complete arc spectrum of the vapor may be produced below the ioniza- 
tion potential, at a potential V = Fi — * Vf 

On account of the concentration of the potential gradient near the 
cathode as soon as a large number of ions are formed, electrons more 
nearly attain the full velocity of the impressed field before the first 
collisions with atoms occur. Somewhat the same distribution of po- 
tential is produced as that obtained in a more controllable mannex by 
the use of an auxiliary electrode, as shown in Figure 22. Hence as the 
applied voltage is increased to V* corresponding to 1 ® for the alkali 
earths, enhanced lines may appear. The favorable condition for excita- 
tion of enhanced lines in a two electrode arc is high current deiisit.y. 
The high current involves a large number of ions which neutralize the 
negative space charge and increase the potential gradient at the cathode. 
This well-known method for exciting enhanced lines has led to some 
misapprehension as to their origin. Many investigators have con- 
sidered the purely incidental effect of high current to be the prime factor 
in the 'physical process of the excitation. 

Ionization by Successive Photo-electric Action 

The mathematical analysis of this process is so involved that the 
results are not readily interpreted. However, there is no doubt from 
the experimental standpoint that the phenomenon is of importance. 
We may have several absorptions of radiation followed by an electronic 

2 The beginner usually bums up the cathode and an ammeter at this stage. 
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impact which completes the ionization process, or without any electronic 
impact whatever most of the arc lines may be produced, under proper 
experimental conditions, showing that the valence electron may be 
driven to a remote outer orbit if not completely ejected. 

A notable example of the latter process is the experiment of Fucht- 
baiier^ who observed the emission of the mercury arc lines as a result 
solely of the absorption of radiation. This was considered in detail in 
Chapter IV, the last half of which is intimately concerned with the 
experimental verifications of this theory of successive photo-electric 
action. In the case of sodium, for example, the atom absorbs a quantum 
of D-radiation resulting in the ejection of a valence electron to the 2 p 
orbit. Before the time interval r elapses, a second quantmn may be 
absorbed. This may have a frequency corresponding to any term in 
any series converging at 2 p. For example it may be the first term of the 
first subordinate series 2 p — 3 d, in which case the valence electron is 
ejected to the 3 d orbit, et cetera. At any stage in this process of absorp- 
tion, in an arc, an electronic impact may occur, assisting in the process 
of the ejection of the valence electron. 

Further Conclusions 

We have noted above that an arc may be struck below the ionization 
potential if the applied voltage V> {Vi — Vr)^ With mercury — 
Vr = 10.3 — 4.9 = 5.4 volts. The phenomenon of absorption, how- 
ever, under suitable experimental conditions, reduces this minimum 
voltage to Vr or 4.9 volts. The 4.9 volt impacts, indirectly through 
the absorption of the resulting radiation, maintain a large number of 
atoms with the valence electron in the 2 po orbit. A 4.9 volt impact 
with such an excited atom is capable of ejecting an electron to the 3 5 
or 4 d orbits. The radiation subsequently resulting from this ejection 
will maintain a proportion of excited atoms with electrons in these higher 
energy levels. A collision of 4.9 volts with such atoms is more than 
suflicicnt to ionize. Accordingly arcs 7nay be struck at the lowest 
resonance potential of the vapor. 

A final observation is the well-known fact that arcs once struck will 
continue to operate even when the applied voltage is less than the 
resonance potential. The most important factor here, in addition to the 
points brought out in the foregoing discussion, is the photo-electric effect 
of the resonance radiation on the cathode. Van der BijP mentions that 

< Physik. Z., 21, pp. 635-8 (1920). 

6 Phys. R., 10, p. 546 (1917). 
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X 2537 of mercury should liberate photo-electrons from a calcium-coated 
cathode with an initial velocity of 1.5 volts, so that an arc in mercury 
once started, might be maintained at 4.9 — 1.5 = 3.4 volts. Radiation 
of wave-length as short as X 1188 is present in the arc so that some 
photo-electrons of still higher velocity are liberated. Still further, a 
few high velocity electrons are emitted in accordance with the Max- 
wellian distribution of velocities, as shown by Equation (86). And 
finally the ions created, in falling into the cathode, may liberate electrons 
of considerable speed. All of these factors must be considered in inter- 
preting the action of certain rectifiers which may be operated at astonish- 
ingly low voltages. In this case we have in addition the favorable fact 
that the maximum voltage is greater than the measured root mean 
square voltage. However, a discussion of rectifiers is beyond the scope 
of this book. 

The conclusion to be drawn from the foregoing considerations is that 
the phenomenon of absorption of radiation plays an important r61e in 
arc characteristics and emission of radiation. Cumulative ionization 
of the photo-impact type becomes a controlling factor with high elec- 
tronic emission and vapor pressure. It is possible that ionization by 
successive impact is of some importance at very low pressure, but in 
general, compared to the effect of absorption of radiation, its action is 
insignificant. 

This latter statement of course applies only to simple ionization. 
Successive or multiple ionization is readily produced by successive impact 
as shown in the appearance of the enhanced spectrum of magnesium at 
14 . 9 / volts (cf. discussion of Figure 23). The probability of multiple 
ionization by successive impact depends upon the time of recombination 
for the ion formed at the first impact. This time interval, which 
corresponds to r, may be relatively very large, depending upon the 
probability of a collision between an ion and an electron of small kinetic 
energy. It should be accordingly a function of the design of any partic li- 
ar apparatus. Child® has made extensive experiments with a mercury 
arc excited by a sixty cycle current. By examining the intensity of 
t e arc lines at various phases of the cycle he found that the minimum 
intensity lagged behind the time of zero current and voltage by an 
mtma of 1/1800 second.^ Eixperiments of other observers also indicate 
a we are ere dealing with a time interval of an entirely different order 
o magmtude than 10"^ seconds, the value of r for a neutral atom. 

* Piiys. R., 9, pp, 1-14 (1917). 


Chapter VII 

Thermal Excitation 

Thermodynamic Considerations 

The absolute entropy of a mol of perfect gas is given by the f otllowing 
fortmula: 

S = |- jffi InT — R Inp + f J? InM + (105) 

ylxere M is the molecular weight, R = 1.985 cal. deg"'^, 2 ^ throughout 
this chapter except where otherwise noted, the pressure expressed in 
atmospheres, T the absolute temperature, and Si — — 3.2 cal. deg'"'^. 
Evidence for the value of Si and its constancy with various mona- 
tomic gases has been discussed by Tolman^ and others. 

It has been recognized for some time in mathematical treatments 
of thermionic emission, thermoelectricity, contact potential, etc., that 
electrons may be considered as a gas, the laws of which they obey in 
detail, one example being the Maxwellian distribution of velocities. 
Th-e pressure of this gas in any laboratory experiment is exceedingly 
small, of the maximum order of magnitude 10"® atmospheres, so that 
considering an electronic atmosphere as a perfect gas should be open to 
no objection. 

From data on the thermionic emission of tungsten, tantalum and 
molybdenum, and measurements of the cooling of the filament, due to 
th-O latent heat of vaporization of the electrons, Tolman^ shows that 
thie entropy of electron gas is given by Equation (105) where Si has 
thte same value as for a perfect monatomic gas. The value of M for 
electrons is of course expressed on the scale M — 1.008 for the hydro- 
gen. atom, whence Me = 5.46- 10~^. 

1 J. Am. Chem. Soc., 42, pp. 1185-93 (1920). 

2 J. Am. Chem. Soc., 43, pp. 1592-1601 (1921). 
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Accordingly if it is possible to determine the absolute entropy of 
both gases and electrons by Equation (105), we may predict from 
thermodynamic considerations the extent to which a reaction such as 
ionization may proceed at any desired temperature. Tolman's^ deriva- 
tion of the reaction-isochore is given in the following paragraphs. 

Consider a reversible reaction of the type 

Ca = Ca+ + E--J, (106) 


where Ca, Ca+ and are respectively gram mols of neutral calcium 
atoms, simply charged positive calcium ions, and electrons, and J is the 
work, expressed in calories, required to ionize one mol of calcium atoms. 
If / is the value of the faraday, Vi the ionization potential in volts, and 
j = 4.183, the mechanical equivalent for converting joules to calories, 
we have 


J = 


fVi 

i 


96500 Vi 
4.183 


= 23070 




(107) 


This is simply a more direct method of deriving Equation (69) . 

The heat AH of the reaction at constant pressure and at temperature 
ris: 

AH ==J + §RT. (108) 

The quantity J is accordingly the increase in heat content of the system 

at the absolute zero and § RT the value of Ac^T where Cp is the specific 

heat of a perfect gas at constant pressure. 

The change in entropy of the system when the reaction occurs at 
constant temperature, obtained directly from Equation (105), is: 

AS = f RlnT + f RlnMe + (109) 

in which we have neglected the slight difference between the molecular 
weights of the ionized and the neutral atom. 

We have the following fundamental, definitory equation of ther- 
modynamics^ connecting free energy with heat content and entropy: 

AF = Air - TAS, (110) 

Introducing the values of AH and AS from Equations (108) and (109) 
we obtain 

AF = J - I RTlnT + (| R - ~ Si) T. (Ill) 

^ Chem. Soc., 43. pp. 1630-2 (1921). 

* TMs IS a generally accepted definition among physical chemists. 
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The equilibrium constant Kj, by dehnition takes the following form 
for a reaction of the type given by Equation (106) 


= 


p+ ■ p- 


( 112 ) 


where p+, p-, and p denote respectively the partial pressures in the 
equilibrium state of the ions, the electrons and the neutral atoms. 

Now for any reaction there is a perfectly definite relation expressed 
by Equation (113), between the change in free energy and the equilib- 
rium constant. The derivation of this relation, which is familiar to 
chemists, consists simply in the manipulation of thermodynamic equa- 
tions, and can be found in text books on physical chemistry. 

AE = - RTlnK^. (113) 

Substituting the value of AF from Equation (111) we obtain: 

InK, = - ^ -f I ZnT - (I - I InM. - |) • (114) 


On changing to common logarithms, expressing J in terms of Fi, and 
substituting the other numerical magnitudes mentioned above, we find, 

log Kj, = log + 2.5 log T - 6.69. (115) 


This is the reaction-isochore by which we may compute the degree of 
ionization of any monatomic vapor as a function of the temperature. 
If X represents the fractional number of the atoms which are ionized, 
we may write 

^09 + 2-5 log T - 6.69 , (116) 


where P is the total pressure, i.e, P = + p + p. 


Simple Ionization 

Saha^ has employed this equation to compute the degree of ionization 
of various elements at high temperatures. As a particular example we 
give in Table XXVI his computations for calcium for which the ioniza- 
tion potential is 6.1 volts. The degree of ionization is expressed in 
percentage, pressure in atmospheres, and temperature in degrees abso- 
lute. 

sProc. Roy. Soc., 99. pp. 135-53 (1921). 
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TABLE XXVI 


Thermal Ionization of Calcium Expressed in Percentage 


Pressure 

Temperature 

10 

1 

10-1 

10-2 

10-3 

io-< 

10-« 

10-8 

2000° 





5-10-^ 

1.4 -lO-* 



2500 





2 10-!* 

7-10-2 



3000 





3-10-1 

1 

9 


4000 




2.8 

9 

26 

93 


5000 


2 

6 

20 

55 

90 



6000 

2 

8 

26 

64 

93 

99 


7000 

7 

23 

68 

91 

99 



7500 

11 

34 

75 

96 




8000 

16 

46 

84 

98 




9000 

29 

70 

95 





10000 

46 

85 

98 





11000 

63 

93 






12000 

76 

96 


Complete Ionization 

13000 

84 

98 






14000 

i 

90 








As is evident from Equation (116), the percentage ionization increases 
with (1) increasing temperature, (2) decreasing pressure, and (3) decreas- 
ing ionization potential. Calcium has a medium low ionization po- 
tential. It is therefore interesting to contrast the figures of Table 
XX\T with those of Table XXVII for atomic hydrogen which has an 
ionization potential of 13.5 volts. At the temperatures given, the 
dissociation H2 — » 2 H can be readily shown to be complete, so that we 
do not need to consider the molecule. 


THERMAL EXCITATION 


161 


TABLE XXVII 

i Ionization of Hydhogen Expressed in Percentage 


„ _ ^^Cissure 

1 

10-1 

10-2 

10-’ 

10-4 

10-5 


1 

7000 




1 

4 

12 

8000 



2 

5 

18 

50 

oooo 


2 

6 

20 

63 

90 

lOOOO 

2 

6 

17 

49 

87 

99 

12000 

9 

28 

68 

94 


1 

14000 

27 

65 

93 




16000 

55 

90 





18000 

80 

97 





20000 

92 


Complete Ionization 

22000 

97 







It is thus seen that very much greater temperatures are required 
i.o pi'ociuce the same degree of thermal ionization in hydrogen than in 
vapor on account of the higher ionization potential of the former, 
( *aesi\xm, which has the lowest ionization potential of all the elements so 
far irioasured, should be completely ionized at about 4000° and 10"^ 
aia-tiospheres, while about 20,000° at the same pressure should be neces- 
sary for helium, which has the highest known ionization potential. 


Double Ionization 


Ttie analysis for the simple ionization of atoms by thermal excitation 
luiry be extended so that the fractional number of atoms which are 
doxibl^^ ionized may be computed. Using calcium as an example, we 
luLVO "trlie reactions: 


Ca = Ca+ + E-- VJ/j ) 
Ca+ = Ca++ + E-- Vi^f/j) 
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TABLE XXVI 

Thermal Ionization op Calcium Expressed in Pekcektage 


Pressure 

Temperature 

10 

1 

10-1 

10-2 

10-3 

10-4 

10”« 

10- 

2000° 





5-10-^ 

1.4-10-2 



2500 





2-10-2 

7-10-2 



3000 





3-10-1 

1 

9 


4000 




2.8 

9 

26 

93 


5000 


2 

6 

20 

55 

90 



6000 

2 

8 

26 

64 

93 

99 


7000 

7 

23 

68 

91 

99 



7500 

11 

34 

75 

96 




8000 

16 

46 

84 

98 




9000 

29 

70 

95 





10000 

46 

85 

98 





11000 

63 

93 






12000 

76 

96 


Complete Ionization 

13000 

84 

98 






14000 

90 








As is evident from Equation (116), the percentage ionization increase 
with (1) increasing temperature, (2) decreasing pressure, and (3) deoreas 
ing ionizacion potential. Calcium has a medium low ionijzation pc 
tential. It is therefore interesting to contrast the figures of Tab! 
XXVI with those of Table XXVII for atomic hydrogen which has ai 
ionization potential of 13.5 volts. At the temperatures given, th 
dissociation H2 2 H can be readily shown to be complete, so that W' 
do not need to consider the molecule. 
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TABLE XXVII 


Thermal Ionization of Hydrogen Expressed in Percentage 


Pressure 

Temperature 

1 

10-1 

10-2 

1 

10-3 

lO-o 

10-5 

7000 




1 

4 

12 

8000 



2 

5 

18 

50 

■ 9000 


2 

6 

20 

63 

90 

10000 

2 

6 

17 

49 

87 

99 

12000 

9 

28 

68 

94 



14000 

27 

65 

93 




16000 

55 

90 





18000 

80 

97 





20000 

92 


Complete Ionization 

22000 

97 







It is thus seen that very much greater temperatures are required 
to produce the same degree of thermal ionization in hydrogen than in 
calcium vapor on account of the higher ionization potential of the former. 
Caesium, which has the lowest ionization potential of all the elements so 
far measured, should be completely ionized at about 4000° and 10“^ 
atmospheres, while about 20,000° at the same pressure should be neces' 
sary for helium, which has the highest known ionization potential. 


Double Ionization 


The analysis for the simple ionization of atoms by thermal excitation 
may be extended so that the fractional number of atoms which are 
doubly ionized may be computed. Using calcium as an example, we 
have the reactions: 


Ca = Ca+ + E--- VJ/j I 
= Ca++ + E-- V,*f/jS ’ 
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Here V* corresponds to the work required to remove the second electr 
from the atom after the first has been ejected. As discussed in the latl 
part of Chapter V, this is determined by the wave number 1 © for inetj 
of Group II (cf. Table XX). Its value is 54.2 volts for helium. T 
spectroscopic relations are unknown for metals of Group I, but probal 
the voltages should correspond to x-ray limits rather than to highc 
convergence frequencies of the enhanced spectra, as shown in column 
of Table XXII. Nothing is known of the values of V^^ for other e. 
ments. 

If X and y represent the fractional number of Ca atoms which ai 
respectively, simply and doubly ionized, it may be shown that 


log 


X (x + 2 y) P 

(I — X — y) (1 + a: -f- 2 3/) 

y {x + 2 y)P 
x{l+x + 2y) 


-H 2.5 log T - 6.69, (11 
-f 2.5 log T — 6.69. (11 


If we confine our attention to the temperature and pressure rang 
where the proportion of neutral Ca atoms is ver^ small, we may pt 
approximately, x + y — 1. Equation (119), which then alone need 1 
considered, takes the form: 


log 


y (l + y)P 
(1 - y) {2 + y) 


5050 V,* 
T 


+ 2.5 Jog 6.69. 


(12i 


Since is always considerably greater than it will necessari 
require a much higher temperature to produce the same degree of doub 
ionization as of simple ionization. For example with helium at 10 
atmospheres but 77% of the atoms will be doubly ionized at 30,00( 
while simple ionization is practically complete at 20,000°. Tab 
XXVIII gives the temperatures at which several elements will be simpl 
and doubly ionized to the extent of 50%, By means of the abo^ 
equations one will readily find that if 50% of the atoms are just simpl 
ionized, practically none will be doubly ionized (0.1% and less) and tl 
remaining 50% wdll be normal. Similarly if 50% are doubly ionizec 
the other 50% will be simply ionized with practically no neutral atbir 
present. The temperatures here given are comparatively high. ] 
lower pressures had been selected, the temperatures would have bee 
very much lower, as indicated in the table by the large temperatur 
change from a pressure of 1 to 0.01 atmosphere. 
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TABLE XXVIII 


Simple and Double Thermal Ionization 


Element 

50% simply ionized 
Practically 50% normal 

50% doubly ionized 
Practically 50% 
simply ionized 

9S% doubly ionized 


P == 1 

P = 0.01 

P = 1 

P = 0.01 

P = 1 

P - 0.01 

Li 

7800* abs 

5300® abs 





Na 

7500 

5100 





K 

6600 

4400 





Cii 

10300 

7100 





RL 

6300 

4300 





Ag 

10100 

7000 





Cs 

6000 

4100 





Au 

11000 

7800 





H 

16000 

11500 





Mg 

10200 

7100 

18000 

13000 

26500 

17000 

Ca 

8600 

5900 

15000 

10700 

22000 

14000 

Zn 

12000 

8400 

21000 

15300 

30500 

20000 

Sr 

8100 

5500 

14000 

10000 

21000 

13500 

Cd 

11600 

8100 

20000 

14700 

29500 

19000 

Ba 

7500 

5200 

13000 

9200 

20500 

12500 

Hg 

13000 

9200 

23000 

16500 

33000 

22000 


Thermal Excitation without Ionization 

The fact that we have been able to derive from thermodynamic con- 
siderations certain quantitative data in regard to thermal ionization, 
wliich, as will be apparent later, seem to interpret satisfactorily phe- 
nomena heretofore very puzzling, does not of course argue that heat in 
itself drives an electron out of the vapor atom. All that the thermo- 
d 3 riiamic treatment has done is simply to give a statistical survey of 
ttie actual state at any temperature without the introduction of any 
postulates as to hom the ionization is produced physically. Since at any 
high temperature free electrons are admittedly present in the vapor, it is 
likely that the ionization is accomplished in part by collision with these 
electrons, the speed of which, and hence the number capable of ionizing, 
increases rapidly with the temperature. Also cumulative ionization 
involving absorption of radiation must play an important role at high 
pressure, as discussed in Chapter VI. Howbeit, it is of interest to con- 
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sider in the above statistical manner this indirect effect of tei 
perature on the excitation of atoms without ionization. For examp] 
let Na' represent a sodium atom in which the valence electron is in tl 
2 p instead of the normal 1 s orbit. For a mol of the vapor we have tl 
reversible reaction: 

Na = Na' - Jr, (12 


where = fV^/j, the quantity Vr being the resonance potential e: 
pressed in volts. Since both the normal and the excited atoms a: 
assumed to act as perfect gases, there is no change in volume or pyi'cssui 
and no external work is done. Accordingly® instead of Equations (lOJ 
and (109) we have: 

AH = (12! 

AS = 0. (12^ 

Substituting these values in Equation (110) we obtain: 


AF = J, {12A 

and from (113) it follows that 

Jr^-RTlnK^ = (12f 

where p' and p denote respectively the partial pressures of the excite 
and normal atoms. If we confine our attention to such a temperatur 
range that p' is small compared to p we may consider p to be appi'oxi 
matei}’- the total pressure and p'/p the fractional number of excite^ 
atoms, whence, 

(12G 

or ^ 


N' = (127 

T\heie i\ is the total number of atoms, of which N' are excited, tin 

attei ha\ing an increase in energy of Jj. calories per mol of excitec 
atoms! 

As an example we shall apply Equation (126) to sodium. Since V. 
= 2.1 volts we find 

P' 24400 

™ = e ^ for sodium. 

xE- XXIA gives the fractional number of atoms, computed from 
this formula, which have an electron in the 2 p orbit. 




(1922). ^ Tiiieory, for example, Tolman, Optical Soc. Am. and R. S. I., ]> 
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TABLE XXIX 

Thermal Excitation of Sodium 


Temperature 

Fractional number of 
atoms with electron 
in 2 p orbit 

800 abs 

5-10-’^ 

1000 

2-10-11 

1500 

1 • 10-1' 

2000 

5-10-® 

3000 

3-10-^ 


A similar table might be computed for an orbit of greater energy level 
illustrated by Figure 5, for example for 2 s , or 3 d, in which case we 
should find a higher temperature necessary to maintain the same con- 
centration of excited atoms. 

Flame Spectra 

If a metal is vaporised in a bunsen flame, an emission spectrum is 
produced. Usually this consists of the first pair 1 5 — 2 p of the princi- 
pal series for the alkalis and I S — 2 and sometimes 1 >S — 2 P for 
the metals of Group II. Obseiwations on the alkalis are a matter of 
common experience. The slightest trace of sodium vapor in the bunsen 
gives rise to the D-lines. Using a very simple device of McLennan 
and Thomson^ in which a small furnace surrounding the bunsen main- 
tains the heat necessary to vaporize the metal at a slow and constant 
rate, the flame spectra of the elements of Group II are readily observed, 
as indicated by F in the last column of Table XVI. 

In general we may conclude that the fundamentally important 
lines, from the standpoint of atomic theory, are those which appear in 
the low temperature flame. These same lines determine the values of 
the resonance potentials, as discussed in Chapter III. They appear in 
the arc below ionization, as shown in Figures 23 and 24. They are 
prominent absorption lines of the normal vapor and are readily reversed, 
as shown in Figures 14 and 15. They are the ^Tong” lines and the 
'"rates ultimes’"’ as discussed in the latter part of Chapter V. They are 
the result of the ejection of an electron to an orbit of next higher energy 
level than the normal state of the unexcited atom. 

8 Proc. Roy. Soc., 92, pp. 584-90 (1916). . 


166 ORIGIN OF SPECTRA 

These lines by no means appear in the fiann' IxHauise ilu^y nc^rmally 
are the most intense lines of the are spectrum and herua^ by 
only seem to be excited alone. In fact lusually t h(\y are tbe briglii 
lines of the arc; especially is this true of the nu^tals of ( Iroup 1 1 . Fxirthi 
more one may photograph a loiv tempera, tun' sodium flatiic* until tli( 
plate is “burned up’' at the Ddine and only a slight- trace of lu‘r linei 
can be detected. We may conclude that in geiH'ral t lu' ratio of iiitciri 
ties of these fundamental lines to other lines is (‘xtraordinarily high ii 
the flame. We have in the bunsen another method of produ<ving dngh 
line or two-line spectra. 

When a salt is injected in the flame we obtain again the siinph* single 
line spectrum of the metal, as shown in Figure 28 A, prepared by JMeggerg 
Under certain conditions, however, other lines appear faintly, for c*xanipl 
lines of the subordinate series. This is readily explained l>y t fac 
that dissociation of the salt, such as NaCC by the flame, gives rise t 
Na^ and CV. If the sodium ion captures an electron, it is thereb; 
able to emit any line of the arc spectrum. Zalnf^ (estimates i hat eac! 
sodium atom in a bunsen flame fed with NaCl emits on the averag 
2000 quanta of D-radiation per second. It is readily belicvabh^ witl 
the minute partial pressures of sodium or chlorine in a flamc^ (order o 
magnitude 10 “® mm Hg and less) that the probability of a sodiuui ator 
capturing a chlorine atom and forming NaCl to be again dissoeiiittHl i 
comparatively small. In other words the number of times a reactioi 
of the form 

NaCl-^Na-^ + Cl-, 

occurs, which may involve a subsequent reaction 

Na+ + E- ^ Na, 

and the emission of all arc lines is small compared to the number o 
times the reversible reaction 

Na' — » Wa 

takes place with the emission of the D-lines. Hence while tlxe dia 
sociation of NaCl does give rise to all arc lines, the formation of Na> 
having the short life r = 10-® seconds (page 93) is so mucli iiior 
frequent that the intensity of these fundamental lines is extraorclinarib 
high relative to the other arc lines. The main service of the salt i 
accordingly^ in furnishing a carrier for the metal and the tnimediai 
spectroscopic consequence of the dissociation is incidental. 

» Verii. Physik. Ges., 15, pp. 1203-14 (1913). 
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Again emphasizing that temperature in itself may not be the cause 
of the excitation of a neutral atom but rather is the source of some other 
direct cause, such as high electronic velocities, let us apply the foregoing 
statistical reasoning to the emission of light from a bunsen. 

Zahn observed that when 6.9*10^^ sodium atoms per sec. were fed 
into a bunsen having a flame propagation of 510 cm/sec., a rate of emis- 
sion of D-radiation resulted, amounting to 10- ergs/sec. cm^, as shown 
by photometric measurements. He states that the bright flame was 
3 cm long but does not give its radius. We shall assume the flame to be 
a cylinder 1 cm in diameter. Using the above figure for the rate of 
emission, we accordingly find that the total emission of the flame is 10^^ 
quanta/sec., which is Zahn’s experimental value expressed in other units. 

The volume of the flame is 2 cm^. Hence 


number oi N a atoms /cm^ 


6 . 9*1013 

2*510 


7 • 101® at any instant. 


Let us consider the tempera turei® of the flame as 2000° abs. Referring 
to Table XXIX we find that the fractional number of atoms in the 
2 p state at 2000° is 5*10”®. 

Whence 

No, excited atoms/cm^ = 5 • 10“® • 7 * IQi® = 3.5 -lO® 

and 


total no. excited atoms {2 cmf) = 7*103 at any instant. 


The average duration of life of an excited atom, as discussed in 
Chapters IV and VI, is r = lO”® seconds. Accordingly the number of 
excited atoms formed per second is 7*103-7- lO”® = 7 * IQi^ = 10’^. This 
is equivalent to the number which pass into the normal state each 
second so that a total of IQi^ quanta per second of D-radiation are 
produced within the flame. Let us see how many of these escape. 

At atmospheric pressure the number of atoms per cm® is 2.7 -lOi®. 
Accordingly the partial pressure (p mm) of the sodium atoms is 


V = 


7 *101® *760 
2.7*101® 


= 2*10~3 mm Hg. 


Let us assume that at any instant the quanta of radiation are uni- 
formly distributed throughout the cylindrical volume. The quanta 
which escape will be those which pass through this volume to the outside 
boundaries without colliding with an atom. We shall assume that all 


10 We recognize the academic question here involved, but these computations are siiffi- 
ciently inexact to permit the assignment of “temperature to a state not m statistical equihb- 
rium. 
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directions of propnM:atioii of the <iu:iitta uiv o,|ually pn.hahle. Pi 
ceediiiji- in a mantu'r soinewliat similar to that <iis,-ussrd in ( 'hapter \ 
Dr. K. T. (toinpfon vm-y kindly derived the folhnvinv expression fort 
authors, siting !i[)proximate!y the fractional numher of the qmui 
which escapes 
Fraction = 



In this formula X is mt‘an five path of a qnanimu a.i the |nvssiuv 
as (Icfixual in C'haptia* \ I. n is the radim.'^ ol tia* c\ inaiiicai i!aiut\ ii 
h its height. 

In the discussion folhnving K(|uation wo stum that me 

free path of a/iua.ntuin is p p wluu’t^ P is an ahstnption constant am 
is th(' pr('ssur(' in nun H|r. I siinr Wood s vahn* td p dotornhuctl 
mercury, W(^ obtain for tlu‘ moan fn^o path X /p cm. 1 

value of p is [xrohahly of the saino tn’dor o! imivnif udo tor the sodium ii 
mercury resonama^ lin(\s. Honoo uith tln^ prosont data wo linvi^ X 
7.|()-4 2-l() - .H(M) cm hu* tin* moan t'reo patli i>f th(M|Uantum 

D-radiation iu this particular hunstm tlaiuo. tin* values ot h a,iu 
are 3 cm and t).5 c.m n*spt‘ctiv«‘ly, Since X is largt* compared to h oi 
the al)t)V(' formula rtalucts to 

, n /i 

Jd-actionnl number oscaping * ^ p, X * 

On suhstii-nting the valut‘s for those eonstants we tiud that 299 - 
of th(» <|uanta produ(‘(ai in tlie tinme are actually emitted. In c 
tradistinc.tion to arc plKmomcna discussed in the {diapfcr on cumtilaf 
ionization, a-hsorption is of V(‘ry slight im|Hntance iu liainc spiadra 
account of the low partml pirsmrr of tin* nndal vapor, \crordingly 
conclude that the hunsim tiauu* of tin* type tirscrihcti should emit 
quanta/si‘c. The ol>s(*rved value was also quanta -cc in comp 
agrecMucni. wit h {lua)ry. 

Zalm luis also uuult* observations on the lithium flann*. His d 
show that un(l(*r spiM’ilhal conditions tin* total eiiiivsi<ni of the tli 
amounted to 10**’ (pianta, sec. for the red lilltiuin line. Ute vahn* c< 
jHitcd thc()reti(*a,lly^ in the manner illust rated above is Ml’"* quant a/S(v 
satisfactory agnaMammt considering tin* as.viumpt inm- involved. 

If the tem})('ratur(‘ of a llann* is increased by llie ntltliiiijn t»f oxyi 
other lines an* n^adily (*X(*it(‘d. Many lines of the principal and ^ 
ordinate S(a*i(*s of sodium if not tlie tmin|d«*te arc* spectrum, appear in 
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oxy-acetylene burner fed with sodium or its salts, and the same phenome- 
non occurs with other elements. As the temperature is increased, the 
valence electrons are driven to successively higher energy levels, ulti- 
mately giving rise to the state of ionisation. We may therefore correlate 
spectral lines with temperature, whether or not this be the direct cause 
for their production. 

Spectral Lines Correlated with Temperature 

If a metal vapor is gradually heated in a furnace we observe first the 
emission of a fundamental line of the type 1 5 — 2 p or 1 S — 2 p 2 . 
This is also true when the vapor of a metallic salt is heated. We have 
found that the D-lines produced when NaCl is raised to 1000° C in 
vacuo are quite brilliant. Higher stages of temperature excitation 
progress through furnace spectra, which have been investigated by 
King^^ from 2000° to 3000° abs, spectra in the carbon arc at 3900°, 
chromospheric spectra at possibly 6000°, photospheric spectra at possi- 
bly 7000°, spark spectra, to stellar spectra at temperatures ranging up 
to 30,000°. Of course the correlation of arc and spark spectra with 
temperature is complicated by the superposed electrical excitation. 
As discussed in Chapter V, spark lines may be excited at very low 
temperatures, with a proper arrangement for producing high electronic 
velocities by electrical means. Hence our present classification must 
be considered as very qualitative. 

Accordingly as the temperature of calcium vapor, for example, is 
increased, we should first have no emission, but rather absorption of 
fundamental lines belonging to the series IS — mp 2 and 1 /S — mP. 
On further increase in temperature the line 1 S — 2 p 2 , X 6573, should 
appear in emission and when the temperature is sufficient to maintain 
a fair proportion of electrons in the 2 p 2 orbit, lines of the subordinate 
series should show absorption. Gradually the line 1 S — 2 P, X 4227, 
puts in its appearance as ah emission line, and finally all arc lines are 
excited when the thermal ionization becomes pronounced. If the 
temperature is further increased until a fair proportion of the atoms 
are simply ionized, the arc absorption and emission spectra fade, and 
fundamental lines of the enhanced spectra such as 1 © — 2 15 1 , 2 , 
X 3968 and X 3933 appear both in absorption and emission. Later other 
enhanced lines are excited, and if the process of heating is continued all 
the atoms will be doubly ionized. When this state is reached, steps 


Long series of papers in Astropliys. J. and Mt. Wilson Contrib. 
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begin toward triple ionization; the arc lines vanish and the ordinary 
enhanced lines should eventually fade, giving place to enhanced spectra 
of the '' second type/' There is no sharp division line between the 
various spectra. At any one temperature we may have spark lines 
from ionized atoms and arc lines from neutral atoms. If, however, the 
temperature is great enough to produce much double ionization it 
may be readily shown as pointed out earlier, that raost of the atoms 
should be either simply or doubly ionized, with practically none in the 
neutral state. Hence if we have present the enhanced spectrum of the 
second t 3 ^e, all arc lines are absent. In other words but two types of 
spectra may be present simultaneously. Unfortunately as yet we have 
no knowledge of the higher types of enhanced lines, so that this deduc- 
tion from theory cannot be verified. 

If we select a fundamental arc line such as 1 S — 2 P and a funda- 
mental spark line such as 1 © — 2 ^ and observe the ratio of intensity 
of the latter to the former, we should expect this ratio to increase with 
the temperature. This is verified qualitatively by King's results with 
furnace spectra and other data from the spectroscopic tables, as shown 
in Table XXX. 


TABLE XXX 


Ratio of Intensity of 1© — 25P to IS — 2 P 


Element 

i 

Flame 

Furnace ° Abs. 

Arc 

3900 

Chromo- 

sphere 

6000 

Photo- 

sphere 

7000 

2000 

2300 

2600 

1 

Ca 

0 

.06 

.05 

.06 

.8 

4 

40 

Sr 

0 

.03 

.05 

.06 

.7 

20 

7 

Ba 

0 

.1 

.1 

.09 

.8 

20 

4 


Solar Spectra 

As illustrated by Table XXVI the degree of ionization of an element 
depends greatly upon the pressure as well as the temperature. Thus 
the pressure differences existing in the sun may produce a wide variation 
in the t 3 q)e of spectrum excited. Also the quantity of the element 
present is of importance. Other things being equal we should expect 
lines from elements present in relatively large amounts to be the more 
prominent. If the element does not exist in the sun its spectrum will 
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be absent. However, the failure to detect arc lines of caesium for 
example is insufficient proof that the element is not present even in 
considerable quantity. 

In the following we shall review some of the recent developments 
only in the roughest qualitative manner. For more detailed informa- 
tion, all necessarily qualitative however, the papers of Saha,-^ Russell, 
Milne^^ and others should be consulted. 

The solar spectrum should be characterized by lines of elements in a 
state corresponding to that at about 6000 to 7000°, and 4000'" for a sun- 
spot. A considerable portion of the alkalis should be simply ionized, 
especially at the higher levels, where the pressure is less. Although 
much ionization is present, enhanced lines should not appear, for as 
discussed in Chapter V, the alkalis, with their single valence electron 
removed, are not in a condition to emit or absorb enhanced lines. This 
requires a further expenditure of energy of such magnitude that at least 
for sodium, potassium and lithium, for which the values are known, 
temperatures of 7000° are insufficient. One may fairly definitely state 
that enhanced lines of Na and K are absent in the sun. The arc spectra 
of Li, Na, K and a trace of Rb are present, arising in the small percentage 
of un-ionized atoms at solar temperatures. The failure to detect Cs 
may be due to the fact that the element is absent or that it may be 
nearly completely ionized and incapable of showing arc lines. The arc 
lines of the alkalis are strengthened in the sun-spots on account of the 
lower temperature and resulting lesser degree of ionization. 

Table XXVI shows at 6000° a considerable proportion of ionized 
calcium vapor and the same is true for magnesium, barium and stron- 
tium. We find in the solar spectrum both arc and spark lines of these 
elements although for barium many of the arc lines are absent or very 
faint. The arc lines of Ca and Sr are strengthened in the sun-spofcs. 
As zinc has a high ionization potential, spark lines are probably absent, 
and the arc lines are weaker in the sun-spots. 

The ionization potential of helium is so high that practically no 
atoms are ionized. Hence we may now understand the experimental 
fact that all enhanced lines of helium are absent. 

Hydrogen also is not ionized except possibly at the very highest 
levels of the chromosphere, and then scarcely appreciably. We should 
expect to find all the lines of the Lyman series were it not for the absorp- 
tion of the earth’s atmosphere. A small proportion of the atoms have 


12 Phil. Mag., 40, pp. 472-88 (1920) ; 40, pp. 809-24 C192()). 

13 Astrophys. J., 55, pp. 119-44 (1922); 55, pp. 354—9 (1922). 
1^ Observatory, 44, pp. 261-9 (1921). 
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electrons in the second orbit, sufficient to account for the reverse 
Balmer lines such as 

At great heights above the reversing layer, where the temporal 
is still high but the pressure is extremely low, simple ionization of 
ments having a fairly low ionization potential will be practically c 
plete, as illustrated by Table XXVI. Accordingly while enhanced 1; 
may be emitted, the arc spectrum of many of the elements shoulc 
absent in the high level chromosphere. Mitchell found from obsci 
tion of the flash spectrum that the H and K enhanced lines of Ca 
tended to 14,000 km while the g arc line terminated at 5000 km. 
ionization potential of Sr is lower than that of Oa and complete ion 
tion will be produced at higher pressures or lower levels. The fl 
spectrum shows that the arc lines of Sr disappear before those of 
At pressures below 10"^ atmosphere, Na is completely ionized; in 
chromosphere the D-lines reach only to 1200 km. The ionizal 
potential of magnesium is the highest of the alkali earths and the 
lines are found at 7000 km. 

Russell points out that the- behavior of Sc, Ti, V, Fe, Mn, Cr, 
and Ni in the spot spectrum is intermediate to that of Ca and Zn ; 
states, ^Tt may be surmised that the ionization potentials for tl 
metals lie between 6 and 9 volts, as Saha has suggested without spec 
ing his reasons.’’ 


Stellar Spectra 

The temperatures of stars are usually measured by observing 
spectral distribution of their radiant energy, just as has been done v 
our sun, and comparing this with the black-body distribution compn 
by Planck’s law. The temperature of a black body for which the r- 
live spectral distribution most nearly fits a particular stellar distribut 
curve is considered as the temperature of the star. Wilsing t 
Scheiner^^ and others have made such observations through the visi 
spectrum for a large number of stars, and Coblentz,!^ using a spectrorac 
metric method, has been able to extend the data from the ultra-vi< 
to the far infra-red. It is evident from what has been discussed in 
present chapter that a systematic correlation of the stellar spectra i 
permits the assignment of temperatures. This will be considered m 
fully in the following paragraphs, but to anticipate, we may state t! 
such computations agree fairly well with the temperatures determij 

Astrophys. Obs. Potsdam, Vol. 24. No. 74. 1<J 
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from the black-body distribution without reference to spectral lines. 
This is illustrated by Table XXXI, in which the data of Saha were ob- 
tained by the degree of ionization method. In general the P stars are 
the hottest with a continuous decrease in temperature in the order P, 
O, B, A, F, G, K, M,Nto R. 


TABLE XXXI 

Range of Stellar Temperatures 


Stellar 

Class 

Typical Star 

Wilsing & 
Scheiner 

Coblentz 

Saha 

Remarks 

and others 




Pb 

Great Orion Nebula 

15000 

— 

— 


Pc 

I, C. 4997 

30000 



— 

Gaseous nebulae 





with bright lines 

Oa 

B. D. +35°, 4013. . 

23000 

— 

23000 


Ob 

B. D. +35°, 4001.. 





22000 

Hereafter, all lines 




are dark 

Bo 

€ Orionis 

20000 

13000 

18000 


B5 A.. . 

q Tauri 

14000 

— 

14000 


Ao 

O' Canis Majoris .... 

11000 

8000 

12000 


A5F... 

(3 Trianguli 

9000 

— 

— 


Fo 

OL Carinae 

7500 

— 

9000 


F5 A. . . 

a Canis Minor 

7200 

6000 

— 


Go 

oi Aurigae 

7100 

6000 

7000 

The sun is a. dwarf 
star of this class 

G 5 K. . . 

oi Reticuli 

4500 

— 

— 


TCa 

a Bootis 

3700 

4000 

— 


K 5 M . . 

O' Tauri 

3500 

3500 



Ma 

oc Orionis 

3000 

3000 

5000 


Md 

0 Ceti. 

2950 

— 

4000 


N\ 


2300 

— 

— 


R/ 







Table XXXII, taken from Saba’s paper, is a compilation of the 
intensity of several typical lines appearing in stellar spectra. Lines 
which are barely visible are assigned the numeral 1. The symbol ® 



TABLE XXXII 
Typical Stellaii Spectra 



100 faint 

trong faint 
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denotes a line the intensity of which cannot be obtained from the Har- 
vard Annals. An interrogation point (?) denotes that the intensity is 
not stated in numbers in the Harvard Annals but is compiled from 
scattered descriptions. The symbol M+ denotes that the line is due to 
the simply Jonized atom of the element M. This table shows that the 
lines of an element begin to appear at a certain stage, rise step by step 
to a maximum and disappear at the other end of the scale. Thus 
hydrogen X 4860, a line of the neutral atom, begins to appear in the 
low temperature Ma stars, reaches a maximum in the hotter A group 
and fades out as the temperature increases, finally vanishing at Oc 
where the temperature is sufficient to ionize hydrogen completely. 
In low temperature stars the arc spectrum of calcium is prominent. As 
we progress to stars of ^ligher temperature, spark lines appear, arising in 
ionized atoms. Further increase in temperature increases the propor- 
tion of doubly ionized atoms and initiates the process of triple ionization. 
The arc lines vanish because neutral atoms are no longer present. Fi- 
nally the spark lines fade out, giving place to enhanced lines of the 
second type, the identification of which is yet to be made. A similar 
development may be carried through for lines of other elements. 

From a consideration of the degree of ionization of the elements, a 
table may be prepared showing the characteristic spectra which may be 
expected as the temperature increases. Saha has pointed out several 
striking phenomena in this manner, which are briefly summarized Jn 
Table XXXIII. It is evident from this table that a star which sho\^ 
lines of ionized helium, for example, must have a very high temperature. 
The new field which Saha has opened appears to offer great possibilities 
in the realm of astrophysics. At present however the subject is in only 
the earliest stage of development, and as Russell states, it will require 
years of work to correlate systematically the numerous variables involved. 
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TABLE XXXIII 

Important Steps in Thermal Ionization 


Phenomena 

Stellar 

Class 

Tempera- 

ture 

Remarks 

Appearance of the K line 

Me 

4,000 K 

Beginning of the ionization 
of Ca 

Disappearance of the g line 

B8 A 

13,000 

Ca completely ionized 

Appearance of Mg"^ 4481 

Go 

7,000 

Mg considerably ionized 

Disappearance of the K line 

Oc 

20,000 

Ca^ completely ionized 

Mg^ 4481 disappears 

Oa 

23,000 

completely ionized 

Appearance of 4686 

B2A 

17,000 

He considerably ionized 

Disappearance of 4471 

Oa 

24,000 
(10"i atm.) 

He completely ionized 

Appearance of Balmer lines 

Mb 

4,500 

Appearance of the 2-quan-* 
turn orbits of PI 

Appearance of He lines 

• Ao 

12,000 

Appearance of 2-quantum 
orbits of He 

Maximum absorption of hydro- 
gen lines i 

Ao 

12,000 

Maximum concentration of 
2-quantum orbits of II 

^Maximum absorption of helium 
lines 

B2A 

17,000 

Maximum concentration'"of 
2-quantum orbits of He 

Disappearance of 4295 

Disappearance of Balmer hydro- 

B8 A 

14,000 
(10“i atm.) 

Srt’ completely ionized 

gen hues 

Ob 

22,000 

H completely ionized 

Disappearance of 4686 

Pe 

25,000- 

30,000 

He"^ completely ionized 
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Ki<i 2SA. Hnn.s<‘ti (laiut* nt. Swan sped niiu, («(>, 1211, ‘IT.ST, 5 H>5 A. Water 
vapor, n.O, 20<M A. Li, (wOS; Nn, WJO, ASlMi; Ca, 1227; Sr, -KjO? A. Bjmds 
in y(‘llovv atnl red dta* to ('ad arnl SH >. 


1 




. ":i'q 


A4800 


1''h;. 2d. l'!nussion sp(‘elnun of iodiru'. 







Chapter VIII 
Thermochemical Relations 
Electron Affinity of Atoms 

Wc have mentioned in the latter part of Chapter IV that excited 
atoms may possess an electron affinity, tending to pick up an electron 
and become negative ions. This is also true of many diatomic molecules 
in the normal state, and on page 76 we showed that the Bohr hydrogen 
molcoule leads to a value of 1.6 volts for its electron affinity. That is, 
work equivalent to 1.6 volts must be done on the negative molecular 
ion to reduce it to the normal molecular state. 

Certain normal atoms, particularly the halogens, are known to 
possess an attraction for electrons. An atom of a halogen gas has an 
outer shell containing seven electrons. We have seen that there 
is a general tendency for electrons to be grouped in pairs or octets, as 
such a grouping represents a high degree of stability. The halogen 
atom tends to pick up an extra electron, completing its outer shell of 
eight. As a negative ion it resembles the stable rare gases in structure. 
It is this tendency, for example, for the normal chlorine atom to complete 
its outer shell, which enables it to attract the valence electron of sodium 
and form the compound NaCL If a chlorine atom captures an electron 
and thus becomes a negative ion, work must be done on the ion to reduce 
it to the neutral condition. This work may be expressed in volts per 
atom or in calories per gram atom, the latter referring to the work 
which must be done to reduce 1 gram atom of the gas {i,e. 6.06 X 10^^ 
negative atom-ions) to neutral atoms. 

Franck^ in a very suggestive paper has recently opened a new field 
connecting electron affinity with spectroscopic phenomena. The 
system neutral halogen atom and a stationary electron just outside the 
atom represents the initial quantized state on the Bohr conception. The 
final state is that of the atom-ion with its outer shell of eight electrons. 
If the electron falls directly from the initial state of energy Wi to the 

Physik, 5, pp. 42S~32 (1921). 
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final state of energy the system loses an amount of energy 1^1 i W /• 
This is assumed to be radiated as a single quantum of wave ninnl)er m 
so that Wi -Wf = hcvo. Since - TF> represents the work whicli 
must be done upon the atom-ion to reduce it to a nornitxl atom, tlie 
radiated light of wave number vo is a direct measure of the ek'.ctron 
affinity E. The question as to whether intermediate quantified states 
may exist between the initial and final configuration may be of little 
importance. If intermediate states do exist they may not clif ior materi- 
ally from the initial state since the field in the neighborhood of a neutral 
atom must decrease with a high power of the distance- Hence we 
should have a spectral series, the first line of which is nearly as short a 
wave-length as its convergence. The entire series should lic^ in an 
extremely narrow spectral region which for the present mtxy be con- 
sidered a single line. 

This line of wave number vo is emitted only in case an electron of 
zero velocity is captured. However, the atom may attach to itself 
an electron which initially is speeding toward it with a velocity^ Possi- 
bly the range of initial velocities may not be large. An elecdron of 
velocity greater than that corresponding to the electron affinity might 
penetrate the atom and escape. If, howwer, for a small range of the 
velocity v the atom captures the electron, the energy of the sy^stcun will 
be altered from | mv^, initial, to final, and the resulting radia- 
tion will be given by the equation: 

hcv = Wi — W f + = hev^ + \ 7m)^. (128) 

Since the term i mv^ may assume any value equal to or greaten* than 
zero, with possibly certain restrictions above mentioned, Hit' emitted 
radiatioh is a continuous spectrum with a sharp limit on the Io 7 i(j wavt*- 
length side corresponding to z; = 0, and with gradually <lt'(‘ reaming 
intensity toward the short wave-length side representing a decu’casing 
probability of the capture of high velocity electrons by the atoms. 

Figure 29 shows a spectrogram, made by Steubing,- of tlit> ('misHitm 
spectrum of iodine. We find a region of bright continuous ('mission 
sharply defined on the long wave-length side at X 4800 zb 15. Higher 
resolution showed that this was perfectly continuous and did not possess 
structure characteristic of ordinary band spectra. The continuous 
radiation w^as shown to be emitted by the atom rather than by the 
molecule. This was indicated by certain tests in a magnetic', fh'ld and 
by the fact that it increased in intensity when the vapor was hc'uted to a 

2 Ann. Physik, 64, pp. 673--92 (1921). 
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point where, at the pressure employed, the greater part of the iodine 
must have been dissociated. 

Using for vq the wave number corresponding to the observed limit 
X 4800, one computes for the electron affinity of iodine a value 2.57 volts 
per atom or 59.2 kg. cal. per gram atom. This is in only fair agreement 
with determinations by less precise means. Unfortunately in this new 
field satisfactory spectroscopic data are not as yet available for other 
elements. 

In Table XXXIV is a summary of determinations of electron affinity 
of several elements by the spectroscopic method just described and by 
two other methods discussed in the following sections. 


TABLE XXXIY 
Electron Affinity 


Method 

Spectroscopic 

Grating Energy 

Ionization 

Element 

volts /atom 

kg.cal./g atom 

volts /atom 

kg.cal./g atom 

volts /atom 

kg.cal./g atom 

Cl- 



5.0 

116 

4.8 

110 

Br- 



3.8 ' 

87 

3.1 

71 

1- 

2.57 

59.2 

3.5 

81 

2.8 

64 

S-- 

2.0 

45 







Grating Energy, Ionization Potential and Electron Affinity 

On the assumption that in addition to the ordinary Coulomb force 
of repulsion or attraction between the charges on the ions forming the 
crystal structure of certain salts, there exists between two ions a repul- 
sive force, ^ the potential of which is inversely proportional to the nth. 
power of the distance apart, Born^ has computed the grating energy 
of various crystals. This is the amount of work U necessary to convert 
1 mol of the crystal into free positive and negative ions, and its com- 
putation is purely an electrostatic problem. The value of the exponent 
n depends upon the form of the lattice space, as determined by x-ray 
analysis, and upon other physical constants. For most of the alkali 
halides n = 9. To discuss the assumptions here involved or to enter 
into a consideration of the details of the problem is beyond the scope of 

3 This force represents, as an approximation, the electrostatic fields due to the outer 
olcctr<^s^of U^^ato^^ 21, pp. 13-24 (1919); 21, pp. 679-85 (1919). 
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completely masking any ionization by electronic impact. The chemical 
data involved in Equation (130) are not known with a high degree of 
accuracy, but it is of interest to compute the electron affinity of several 
halogens, using what meager data exist. Equation (130) may be solved 
directly for Ex and the experimentally determined values substituted 
for the various constants or we may obtain the same. result by consider- 
ing in Table XXXV each separate step in the reaction illustrated by 
Figure 30. For the relation between volts/molecule and kg. calories/ 
mol, refer to Equation (70). We shall first consider the salts KCl, 
ETr and KI, all data being expressed in kg. calories/mol or gram atom. 


TABLE XXXV 

Electron of Halogens from Grating Energies 


Reaction 

Cl 

Br 

I 

Remarks 

[a:x] = (A)+ + (Z)- 

- 163 

~ 155 

- 144 

Born^s grating energies. 

[Z] + i (Z,) = [ZZ] 

+ 106 

+ 99 

+ 

00 

•-5 

Heat of formation: cf. Fajans, 
Verb. d. Phys. Ges., 21, p. 716, 
1919. 

(Z) = i (ZO 

+ 53 

+ 23 

+ 

00 

Heat of dissociation: cf. Fajans, 
idem. 

II 

g 

-f 21 

+ 21 

+ 21 

Heat of sublimation, from vapor 
pressure curve. 

(K)+ + E- = (K) 

+ 99 

+ 99 

+ 99 

Ionization potential. Table X, 

Jt' = 1 s. 

(Z) + z- = (Z)- 

+ 116 

5.0 

+ 87 

3.8 

1 + 81 

3.5 

Electron affinity, kg. cal./gram, 
atom. 

Expressed in volts/atom. 


2440 

3350 

3490 

Expressed in Angstroms. 


Of these three halogens we see that chlorine possesses the highest 
electron affinity. A similar set of results may be obtained from a 
consideration of other alkali halogen compounds. Equation (130) 
may be employed directly in the following manner, using chlorine as an 
example 

Eci = — Uxci + /x + Dci + <3^ + Qkci 

= — 163 -h 99 + 53 + 21 -f- 106 = 116 kg. cal./gram atom. 
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It is noted th&it th.e value obtained from tbe grating energy for tbe 
electron affinity of iodine is not in close agreement mth that found by 
Franck by the direct optical method. Part of this discrepancy may be 
due to the inaccurate chemical data involved, but Born® is inclined to 
attribute it to the computation of the grating energy. Little is known 
of the existence of the repulsive force between the atoms in the crystal, 
and it is likely that the resulting potential energy cannot be represented 
by a single term of the form br~^, an additional correction term being 
necessary. 

The grating theory has been applied to other types of compounds. 
For example Born and Bormanffi have used it to compute the electron 
affinity of the sulphur atom. The sulphur atom has an outer shell 
containing six electrons. In order to form the stable configuration of 
eight, it possesses a tendency to attract two electrons. It may therefore 
capture the two valence electrons of a zinc atom, forming the compound 
ZnS. The zinc atom in this union is doubly ionized, while the sulphur 
ion possesses a negative charge of two units. Table XXXVI represents 
the successive stages in the decomposition of this compound. 

TABLE XXXVI 


Electron Affinity of Sulphur from Grating Energy of ZnS 


Reaction 

Heat 

Remarks 

[ZnS] = {Zn)-^ +(S)-- 

- 753 

Grating energy of crystal, computed by Born and 
Bormann and later corrected by Born. 

(Zn) = [Zn] 

.+ 28 

1 

Heat of sublimation obtained from vapor pressure 
data and other data ; cf . Born. 

USD = [S] 

+ 14 

Heat of sublimation to diatomic vapor (Pollitzer) . 

(S) = i(SD 

+ 52 

Heat of dissociation (Budde). 

[Zn] + [S] = [ZnS] 

-h 41 

Heat of formation from metallic Zn and rhombic 
S (Mixter). 

[Zn)^ + 2E- = (Zn) 

-f-663 

From ionization potential Table XI and work re- 
quired to remove 2d electron, Table XX, i.e, 

as + 1©). 

(S) +2E-= (S)— 

+ 45 

^ 2.0 

kg. cal. /gram atom = Es = electron affinity for 
two electrons, 
expressed in volts/atom. 


<5 Born and Gerlach, Z. Physik, 5, pp. 433-41 (1921). 
7 Z. Physik, 1. pp. 250-55 (1920). 
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The electron affinity of the sulphur atom for two electrons is accord- 
ingly 2.0 volts/atom or 45 kg. eal./gram atom, a value whiclx will be used 
in the following section. 


Ionization of Vapoks of Compounds 

The simple ionization of a compound molecule, RiXi^ rxieiy result in 
the following end products: 

(a) a positive molecular ion (i2X)+ and an electron. 

(b) a positive atom ion a neutral atom X, and an electron. 

(c) a positive atom ion (ig)+ and a negative atom ion (X*)”*. 

In the association of these products of decomposition and the formation 
of the original molecule, radiation should be produced, but practically 
nothing either of a theoretical or experimental nature has been contrib- 
uted to this phase of spectroscopy. A material ionizing according to 
(a) may possess an ordinary series line spectrum, an example of which 
may be CO. This molecule gives a definite line emission spectrum, but 
one which has not been correlated in series. Materials ionizing accord- 
ing to (b) or (c), besides emitting any radiation characteristic of associa- 
tion, should show the line spectrum of the component R. The former 
type of radiation has not been identified as yet, but the latter is very 
commonly observed. For example, the oxy-gas flame fed with NaCl 
shows the arc lines of sodium. The molecule is dissociated in. the flame 
and the positively charged sodium atom picks up a free electron instead 
of the negative chlorine atom. Union of the electron and sodium ion 
gives rise to the arc spectrum of sodium. The sodium flame emission 
is known to be suppressed by an excess of chlorine. This is due to the 
fact that with a large number of chlorine ions present, the clmnce of a 
collision between the positive sodium ion and the negative chlorine ion 
is increased and the number of free electrons is reduced because of the 
electron affinity of the chlorine atom and its tendency to capture a free 
electron. Hence relatively more combinations of the type IV -f- Cl'^ 
take place than of the type Na'^ + E-, with the resulting decrease in 
intensity of emission of sodium lines. Hydrogen chloride in a spark 
discharge shows the spectrum of hydrogen which is produced in the 
above described manner. 

The ionization of a molecule of the type RrX^ is still more compli- 
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iuid iioiliiu^* whaXoviu* is known of the spectroscopic relations* 
III ilu' (‘sisc’; oi /n( lor ('xanvph':, the I()llowinj>; may result: 

(:i) {Zn(Jl>) a.iul an electron 

(h) {/7i('!l) and ((-7.)"“ or ('67) and an electron. 

(c) and 2 (67)- etc. 

The s(‘c(>n(l t.yi)(‘ of ioniza-tion a,p|)ea.rs veuy likely in low voltage dis- 
charg;(‘, two in^gn tiva^ (diloriiu' ions are proliably joined to opposite 

skks of tJie doubly <dia,rg<‘d zinc atom, and one of these may be ejected 
by a singh' (d{Md.roni<^ inipa,(d., VWm though such compounds as ZnCl 
arc iu(%apa,bl(^ of stabh* (^xist inua*, tluu-e is no apparent reason why they 
may not, c^xist, monum(.a.nly as a product of (lecioinpositiou, and especially 
so as posH^ivt'. ions. In ra(*.t th<‘ (^xisteucc’; of ZnCT+ is recognized in 
eh'.ciro lytic disso(da.tion. 

lin,s studi(‘(l i,h<‘ emission spectra of the mercury halides 
HgCd and I lg( dn. ha, eh shows a characteristi(‘. complicated band struc- 
ture', and it is possibli' i.lmt these will be interpreted after a careful con- 
sitku’aiion of tlu'. tlnn’inocduanical iT.lations involved. 

In (uu’lain e.jisi^s emough (‘.luunical data ar(', known to enable the 
prtulicf.ion of du‘ ionization pot.eut.ial for molecules of the type RX, 
assumiug (luy an' ionizaul by dissoc'.iation. As an example we shall 
couHidi'r IKd, 1 1 Hr, and II L For IK 7 W(' have 

(7/FO +Qnn^ Wl2) + UCl2), 

i (t7,) H- I),n = (CT), 

(//) + - (//)+ + 7?- 

(77) + K ~ Kri - ((7)-, 

\ucl)A^ (hun A^ {uyy + ( 67 )-. ( 131 ) 

Tin' last live lunns on the hdt giv(^ tlu' work required to ionize by 
dkso(riation (mi\ mol of hydrog(m (hloride. Hence the ionization 
pot.cntial Juai of Hf'! vapor may hi) (annputed from the following 
(Ktuaiioii 

Jjici Qutn + 71// + Dci + 7// — Eci- (132) 

A similar n'laiion holds for IIBr and III. Talile XXXVII summarizes 
th(i th(U‘moc;h(ui[ii(%al data involvcul and shows the close agreement 
bctwi'cai th(^ compntc'd and obsiu’ved ionization potentials. We have 


• Z. wfea. Chot., 4, p: :i07 (UK)(l). 
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used here the electron affinities determined from the grating energies, 
Table XXXIV. Hence the computed values may be in error by several 
tenth volts from this source alone. The value 13.7 volts for HCl was 
obtained by the authors while the other determinations are by Knip- 
ping.^ 

TABLE XXXVXI 

COMPUIED AND OBSERVED lONIZATION POTENTIALS OF 

HCl, HBr, AND HI 



1 HCl 

HBr 

HI 

Remarks 

Qsx 

22 

12 

1 

■ From Landolt-Bornstein. 

Db 

42 

42 

42 

Heat of dissociation ^ gram mol Ha 
(Langmuir). 

Dx 

57 

23. 

18 

Cl — Pier; Br — Bodenstein; I — Starck and 
Bodenstein. 

Iff 

312 

312 

312 

Bohr 13.54 volts — confirmed by authors; 
cf. Table XV. 

-Ex 

-116 

-87 

-81 

From Born's grating theory: cf. Table 
XXXIV. 


317 

302 

292 

Expressed in kg. cal. /mol. 


13.7 

13.1 

12.7 

Expressed in volts /molecule. 


/ 13.7 
\ 14.4 

13.8 

13.4 

Observed values. 


It is evident that one may use the observed values of the ionization 
potentials to compute the electron affinity of the three halogen gases. 
We accordingly obtain 4.8, 3.1, and 2.8 volts for Cl, Br and I atoms 
respectively. The value for iodine is closer to Franck's determination 
by the optical method than is Born's value obtained from grating energy. 
However, |this may be accidental, as the experimental values of the 
ionization potential may be in error by 0.5 volt. 

I Born and Bormannio have computed the ionization potential of 
hydrogen sulphide from thermochemical considerations on the assump- 
tion that the molecule is dissociated into two positive hydhogen atoms 
and a doubly charged negative sulphur ion. While c omput atio ns J of 
this kind are necessary in considering energy relations, it does not foS&w 

PP- 328-40 (1921). 

10 Z. Physik, 1, pp. 250-55 (1920). 
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that this value of the ionization potential would be observed directly. 
In a low voltage arc it is possible that only one of the hydrogen atoms is 
readily ejected by a single impact. This would permit the temporary 
existence of the negative ion (HS) If such an ion collided mth. another 
electron the second hydrogen atom could be ejected, producing (S) — 
and The computed ionization potential 31.8 volts should be 

accordingly the sum of these two observed ionization potentials. The 
thermochemical relations for complete dissociation are as follows: 

(H,S) + Qh..s = m + [S], 

(H 2 ) + 2 = 2 (H), 

2 (i?) + 2 Jh = 2 (Hr + 2 E-, 

[S] + 5s = C5), 

2E~ + (5) -Es^ (S)- 

(H 2 S) + + 2Dj, + 2J^ + Ss-Es^ 2 (Hr + (S)—, (132) 

J HiS = Qms + 2 Djj + 2 A’ Ss ^ Es (133) 

= 5 + 84 + 624 + 66 -45 
= 734 kg. cal./mol = 31.8 volts/molecule. 

The authors have observed the ionization potential of ZnCb as 12.9 
volts. This can be shown from a consideration of the thermochemical 
relations to be far less than the value necessary for. complete dissociation 
into (Zn)++ + 2 {Cir. Complete ionization of this compound, as 
noted earlier, is more likely a two stage process with the intermediary 
production of (ZnCl)~, Table XXXVIII gives a summary of recent 
determinations of critical potentials in compound vapors. 

It is of interest that with zinc ethyl we were unable to obtain the 
spectrum of zinc, indicating that double ionization with this material 
in our apparatus was improbable. 

CniTicAL Potentials and Radiation from Elements in the Poly- 
atomic State 

We have pointed out in Chapter III that the quantum relation 
hc^p = eV • 10^ where V is a critical potential, cannot be safely employed 
for the computation of characteristic wave numbers for elements which 
are polyatomic in the vapor state. Of course, if by increasing the 
temperature of the vapor a sufficient proportion of the molecules are 
dissociated into atoms, the critical potentials are then identified with 
the atom and the quantum relation may hold. There still may be 
exceptions to this, however, with atoms possessing an electron affinity. 
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TABLE XXXVIII 

Resonance and Ionization Potentials of Molectjlah Compounds 


Molecule 

Critical Potential 

Investigator and Remarks 

Eesonance 

Ionization 

HCl 


13.7 

14.4 

Foote and Mohler. 

Knipping. 

HBr 


13.8 

Knipping. 

HI 


13.4 

Knipping. 

HCN 


15.5 

Knipping. 

ZnCL 


12.9 

Foote and Mohler. 

CO 

? 

10.1 

14.3 

15.0 

Foote and Mohler (two ionization po 
tentials and inelastic impacts a 
6.4, 12.3, 14,0, 19.7, 22.3, 25.2, 27. 
and 30.9 volts). 

Found and Stead, and Gossling. 

HjO 

7 . 6 ? 

13 ? 

Foote and Mohler. 

HgCL 


12.1 

Foote and Mohler. 

Zn(C2H5)2.. 

7 

12 

Foote and Mohler. 

C 4 H 10 O 

6.6 

13.6 

Boucher* 

CaHe 

6.0 

9.6 ' 

Boucher. 

CjHs 

6.2 

8.5 

Boucher. 

CsHio 

6.5 

10.0 

Boucher. 

CHCL 

6.5 

11.5 

Boucher. 


*Pliys. Rev., 19. pp. 189-209 (1922). 


For example, we have found a pronounced resonance potential i 
iodine at 2.34 volts. If this is due to the atom, by the simple quantui 
relation we should expect a line at X 5300. This line should appear in 
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Jow voltage arc and should show absorption when a long column of 
iodine is heated to a point where a considerable amount of dissociation 
is present. Efforts to detect this line as well as the corresponding line 
for arsenic vapor have been unsuccessful. Of course there are thousands 
of lines present in this region, but these belong to the complicated mo- 
lecular band spectrum and disappear if the temperature is high and 
pressure low. 

Assuming, in the critical potential measurements, that the electronic 
impacts occurred with dissociated molecules, it is quite likel}" that the 
velocity of the 2.34 volt electron is further increased on account of the 
electron affinity of the iodine atom. The total kinetic energy absorbed 
should then be not 2.3 volts but 2.3 + E, This might give rise to a 
resonance line at 2200 A or possibly a band terminating in this region. 
However we are confronted with the experimental fact that an electron 
of higher speed, say 6 volts, may suffer a velocity loss of 2.3 volts and 
leave the atom with a velocity of 3.7 volts. What becomes of the energy 
corresponding to this velocity loss of 2.3 volts? 

Various facts indicate that with polyatomic elements the ordinarily 
observed critical potentials are usually characteristic of the molecule 
rather than the atom. Accordingly the observed resonance potential 
might represent the true resonance potential of the atom plus the work 
required to dissociate the molecule. Similarly the ordinarily observed 
ioni^iation potential may represent the true ionization potential of the 
atom plus the work of dissociation of the molecule. Smyth and Comp- 
ton^^ observed two ionization potentials in iodine, the lower one being 
very faint, and 1.4 volts less than the more pronounced critical velocity. 
The work required to dissociate the iodine molecule is 1.6 volts. This 
lower faint ionization appears to correspond to the 13.5 point for hydro- 
gen and may be due to the atoms which have been dissociated by the 
hot cathode. 

Still further the molecule may be dissociated by the impact at the 
observed resonance potential and the impacting electron may be drawn 
into one of the atoms on account of the electron affinity. The char- 
acteristic radiation should then be located in another part of the spec- 
trum and might be a band, a line or a group of lines. If we consider the 
electron affinity of the molecule many other simple possibilities readily 
suggest themselves. 

In practically all cases the resonance potentials of the polyatomic 
elements lead to wave-length values which lie in a region of strong band 

11 Phys. Rev., 16, pp. 501-13 (1920). 
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absorption. A discussion of the theory of band spectra, which in its 
present initial stage of development is summarized by Sommerfeld,^^ 
cannot be here entered upon. The theory indicates that the connection 
between absorbed energy of electronic impact and final radiation as 
band structure may be involved and remote. The absorbed energy is 
distributed between the quantized vibratory and rotational states of 
the molecule. Brandt, using the photo-electric method of measuring 
resonance potentials, found for nitrogen some twenty inflections in the 
radiation curve (similar to Figure 25) between 7.5 and 8 volts. On the 
Lenz theory these might correspond to the same final but different 
initial momentary, vibratory and rotational quantized states of the 
molecule. 

We call attention to the above facts to point out that one cannot 
use the method of critical potentials to predict new series in polyatomic 
elements, as the simple relations established for the metallic vapors no 
longer apply. 

If the resonance potential of iodine is related to the work of dissoci- 
ation, the complicated band spectrum may appear considerably below 
ionization. Experiments indicate that the reaction 21 I 2 produces 
an emission of these bands. Wood^^ first showed that iodine vapor, 
heated in a quartz bulb, emitted the complicated band spectrum. The 
emission is better demonstrated by using a large graphite heater at 2000° 
C in the center of a glass bulb containing iodine at rather high pressure. 
Strong convection currents of the vapor are set up. The molecules 
stream from the bottom up the center, past the heater, where they are 
dissociated, and then flow down to the bottom, following the walls of 
the bulb. Above the heater and along the walls, especially in the upper 
part of the bulb where recombination is taking place, the yellowish-red 
illumination in the vapor is brilliant. There is no emission below the 
heater where the gas is in the diatomic state, nor along the heater where 
the dissociation is occurring. 

It is certain that some types of band spectra may be excited by 
electronic impact at a voltage less than the ionization potential. Leon 
Bloch and E. Bloch^® observed the positive bands of nitrogen at 12 volts 
and the negative bands at 21.5 volts. They accordingly attribute the 
positive bands to the neutral molecule and the negative bands to the 
molecule which has been simply ionized. Meggers and the authors^*^ 

“ Atombau,” 3d Ed. (1922). See also Birge, Astrophys. J., 55, pp. 273-90 (1922). 

13 Z. Physik, 8, pp. 32-44 (1921). 

14 “Physical Optics,” 2d Ed. 

15 Compt. rend., 173, pp. 225-7 (1921). 

16 Unpublished work of Jan., 1921. 
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investigated the emission spectrum of nitrogen in the presence of sodium 
vapor which was introduced in order that the ionization of the latter 
might increase the current. A discharge tube of the type illustrated by 
Figure 22 was employed. The positive band group of nitrogen appears 
at 7 volts as shown in Figure 31, and at 25 volts the negative group is 
intense. The range from 18 to 25 volts was not studied. The field 
recently opened in the experimental study of band spectra from the 
quantum theory standpoint has already yielded fruitful results and 
rapid development is assured within the next few years. 


Chapter IX 
X-ray Spectra 
Introduction 

The radiation phenomena considered in Chapters III, IV and V 
involve primarily the valence electrons of atoms. The corresponding 
phenomena for the electrons in inner atomic orbits will be considered 
in the present chapter. 

X-ray frequencies are in general higher than those of arc and spark 
spectra since the electrons are closer to the nucleus. However, the 
spectrum range extends to much longer wave-lengths than the ordi- 
narily observed x-ray spectra, and overlaps part of the arc and spark 
range. Measurements with the crystal grating spectrometer extend 
from X = 12 A to X = .1 A or in terms of v/N from 70 to 9000. Meas- 
urements by indirect means indicate x-ray wave-lengths as long as 
700 A or r/-A =1.3 and no definite limit in this direction is known at 
present. 

A fundamental difference between x-ray phenomena and valence 
electron spectra is that the former change with increasing atomic number 
from element to element in a continuously progressive manner. This 
regular sequence is evident in Figures 36 and 37, showing the emission 
spectra of several elements on the same scale. The approximate law of 
this progression, as stated by Moseley, is that the square roots of cor- 
responding frequencies are proportional to the atomic number. The 
physical basis for the regularity evidently involves a similar and un- 
changing configuration of electrons within the atom combined with the 
increasing nuclear field. We have derived in Chapter I a fairly accurate 
equation for Ka on the basis of certain assumptions as to this con- 
figuration. 

Besides the regular change in frequency of x-rays, there is also a 
periodic progression in the complexity of spectra as successive electron 
levels are added to the atom structure. With each rare gas a new 
electron level is completed and another x-ray series or gronp of series 
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Fig. 31. Band spectra of nitrogen: 2d positive group 2977, 3159, 3371, 3577, 3805, 4059, 4344, 4006 A. Negative pole bands 3581 

3914, 427S, 470SA. 
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Fig. 32. Photograph by de Broglie, showing absorption bands of silver Ijroinicle 
superposed on the emission spectrum of tungsten. 
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begins. Table III, Chapter I, shows the order in which these levels 
appear in the periodic table. In the first row we have one inner level 
determining a K series; with neon a second level is completed and the L 
series starts. Similarly we assume that beyond argon, krypton, xenon 
and niton, we have the initiation of If, N, 0 and P series. 

However, our knowledge of x-ray spectra is not as extensive as the 
above scheme would indicate. Spectroscopic data cover only the K 
series from sodium, Z = 11, the L series from zinc, Z = 30, and the M 
series from dysprosium, Z == 66. This range has been considerably 
extended by experimental methods independent of spectroscopic analysis 
as well as by combination relations of spectral lines, but 0 and P 
series remain largely hypothetical. 

The phenomena of x-ray spectra will be considered under the sub- 
jects: (1) Critical potentials for x-ray excitation, (2) Absorption phenom- 
ena (including the transformations of absorbed energy), (3) Emission 
lines and the combination principle and (4) Theoretical significance of 
the system of absorption limits: 

1. Ceitical Potentials foe X-eay Excitation 

An important difference between outer and inner atomic levels is 
that while there are outside of the atom various series of “virtual orbits’’ 
(positions of equilibrium unoccupied by electrons in the normal atom), 
within the atom all positions of equilibrium are normally filled. Hence 
the necessary condition for excitation of x-rays is the removal of an 
electron from the atom. Resonance potentials, single-line emission 
spectra and line absorption spectra, all of which involve removal of an 
electron to a virtual orbit, are absent or at least unobserved in high 
f requency phenomena. 

Another distinction is that x-ray frequencies of an atom are in- 
dependent of its chemical or physical state, for the reason that the 
energy levels of the inner structure are little affected by the outer elec- 
trons which are alone involved in chemical reactions. 

The above statements need qualification. There is no sharp dis- 
continuity between the principles involved in outer and inner atomic 
structure, but many factors, of importance near the surface, become 
negligible within the atom. The transition stage probably lies in the 
little known region between the ordinary ultra-violet and x-ray spectrum 
range. 

The potential required to excite an x-ray series can be accurately 
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determined with the Coolidge tube. D. L. Webster and his associates^ 
have observed critical potentials for several x-ray series. The method 
involves the measurement of the intensity of spectral lines at potentials 
slightly above the critical point and the extrapolation of the intensity- 
voltage curve to zero intensity. For the K series all lines start at one 
potential and above this point maintain their intensity ratios constant. 
Critical potentials thus measured agree within the experimental error^ 
with limiting frequencies determined spectroscopically. 

For the L series it was found that the lines occur in three groups 
starting at potentials corresponding to the three observed limiting 
frequencies. Four critical potentials have been distinguished in the 
M series of lead. The possibility of separately exciting the different 
groups of the L and M series is of fundamental importance in the inter- 
pretation of emission spectra. 

It is evident that with sufficiently sensitive measurements of intensity 
it might be possible to measure critical potentials without resolving the 
radiation into a spectrum. . X-ray limits should then appear simply 
as changes in slope in the total radiation-voltage curve. This method 
has been most useful in extending x-ray data beyond the range of the 
crystal grating,^ Since all materials are opaque to radiation softer 
than ordinary x-rays, the radiation is detected by its photo-electric effect 
on electrodes within the x-ray bulb. In this manner the critical po- 
tentials required to excite the softest characteristic x-rays can be meas- 
ured. 

Table XXXIX summarizes the data on critical potentials obtained 
by this method. The results of the authors for nickel and tungsten 
and all values given by Kurth and other observers are from measure- 
ments of the radiation of solid anticathodes. The other potential 
measurements of the authors have been obtained from a study of radi- 
ation from a thermionic discharge in gas (or vapor) at low pressure. 
The radiation intensity from a gas is very much greater than from a 
solid target, at least in the low voltage range. It is essential to maintain 
conditions such that electrons receive their full speed before collision 
with the gas molecules (see description of experiments on low voltage 
excitation of arc and spark spectra; Chapter V, Figure 22) . The photo- 
electric current per unit cathode current, for radiation either of a gas 
or solid, when plotted against applied voltage, gives a nearly straight 
line with change in slope at critical potentials. 

1 Reference 1 at end of chapter. 

* See Chapter X. 

s Reference 2 at end of chapter. 
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TABLE XXXIX 

Critical Potentials and Corresponding Frequencies op 

Soft X-Rats 


Element 

Z 

Da.ta of 

Mohler and Foote 

Data of Kurth 

Series limit 
given by 
author 

Volts 

v/N 

Volts 

v/N 

Beryllium .... 

4 

116 

8.57 



K 

Boron 

5 

186 

13.7 



K 

Carbon 

6 

272 

20.0 

290 

21.4 

K 





33 

2.43 

L 

Nitrogen 

7 

374 

27.6 



K 

Oxygen 

8 

478 

35.3 

519 

38.3 

K 





50 

3.68 

L 

Sodium 

11 

35 

2.58 



L 



17 

1.25 



L 

Magnesium. . , 

12 

46 

3.40 



L 



33 

2.44 



L 

Aluminum. . , . 

13 



123 

9.11 

L 

Silicon 

14 



150 

11.05 

L 

Phosphorous. . 

15 

126 

9.30 



L 



no 

8.13 



L 



95 

7.01 



L 

Sulphur 

16 

152 

11.2 



L 



122 

9.02 


i 

L 

Chlorine 

17 

198 

14.6 



L 



157 

11.6 



L 

Potassium .... 

19 

23 

1.70 



M 



19 

1.40 



M 

Titanium 

22 



504 

37.2 

L 





145 

10.7 

M 

Iron 

26 



757 

55.9 

L 





227 

16.8 

M 





50 

3.69 

iV(?) 

Nickel 

28 

80 

5.91 



M 

Copper 

29 



1002 

74.1 

L 





297 

21.9 

M 





106 

7.85 

1V(?) 

Tungsten 

74 

60 

4.42 



N 

Data of Other Observers 

Volts 

vJN 

Richardson and Bazzoni 

Carbon K 

286 

21.1 



Molybdenum M 

356 

26.3 

Hughes 



Carbon K 

215 

15.9 





L 

34.5 

2.55 




Boron K 

148 

10.9 





L 

24.5 

1.81 
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Exp6riniGiits with. gasGS show that ionization takGs place at 
critical x-ray potentials. The increase in ionization is not as 
nounced as the radiation change and in only two elements has it 1 
studied, sodium and potassium. 

It is seen from Table XXXIX that measurements of critical 
tentials cover nearly the entire interval between arc spectra and 
range of the x-ray spectrometer. Most of the work has been concei 
with light elements, as these furnish the safest starting point in 
development of new methods. 

The evidence that these radiation potentials are characteristic x 
limits is found both in the agreement of observed potentials with lii 
computed from spectroscopic data (Figure 35), and in the Mos 
relation between critical potentials and atomic number (Figures 34 
35). The relation of these data to x-ray spectra will be considered 
detail later. In the work with gases, x-radiation is superposed on 
and spark spectra. Many fainter potentials not listed in Table XX3 
were found, but it will require further study to classify them. 

The results of Hughes are apparently inconsistent with those of o' 
observers, and there is no evident explanation of the difference. 

2. Absorption Phenomena 

If a beam of continuous (heterochromatic) x-rays is passed thro 
a thin layer of any element, spectroscopic analysis of the transmi' 
light shows a band absorption spectrum characteristic of that elem 
There is also a non-selective absorption, probably caused by pure scat 
ing of radiation. Only the selective effect will be considered h 
Figure 32 is a photograph of the emission of a tungsten anticathod 
which the K absorption bands of the elements silver and brornim 
the photographic plate are distinctly shown. The bands are regi 
of continuous absorption terminating abruptly on the low freque 
side and fading out gradually with increasing frequency. The posii 
of the sharp edge of each band coincides with a limiting freque 
computed from critical potential measurements. 

Energy absorbed in a band is expended in the ejection of an elect 
from the atom. Part of the absorbed energy is given to the atom ; 
part to the electron. If vi is the frequency of incident radiation and 
limiting frequency characteristic of the absorber, then an absor 
quantum of energy hvi is expended; 

(1) In work on the atom, hvo; 

(2) In kinetic energy of the ejected electron; 

J mv^ = hpi — hvQ. 


(1 
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This is identical in form with the equation originally proposed by Ein- 
stein to explain photo-electric phenomena of solids in the visible and 
ultra-violet regions. 

One consequence of Equation (134) is that each absorption limit 
determines the least frequency which vdll eject an electron from the 
given level of the atom. Duane^ has verified this very accurately for 
bromine and iodine. A beam of monochromatic x-rays was passed 
through an ionization chamber containing the vapor and the current 
measured for different frequencies. A sharp increase in the ionization 
was found at a frequency equal to the K limit. 

The energy hvo given to the atom is re-emitted as fluorescent radi- 
ation when the ionized atom recombines. It was known even before 
the days of x-ray spectroscopy that substances exposed to x-rays emitted 
a characteristic fluorescent radiation. As the excitation of an atom by 
radiation is identical, in its effect, with excitation by electron impact, 
viz. complete ejection of an electron from one of the inner atom levels, 
there is no need of any distinction between the resulting spectra. 

The verification of Equation (134) requires the measurement of 
velocities of photo-electrons, ejected by radiation of a frequency greater 
than the absorption limit. The method of measurement developed by 
Rutherford and recently improved by M. de Broglie^ is as follows. A 
thin layer of the material studied is placed in a narrow groove and illu- 
minated by x-rays. A magnetic field parallel to the groove bends the 
photo-electrons into arcs of circles of radii proportional to their speed. 
This dispersed beam of electrons falls on a photographic plate giving a 
^'corpuscular spectrum^^ in which the position of any image is a measure 
of the velocity of emission of a group of photo-electrons. If an element 
with absorption limits K, L and M were illuminated by x-rays of fre- 
quency the resulti ng spectrum, with low dispersion, would consist of 
three lines corresponding to velocities Vi, V 2 and vz given by the 
equations 

I rnv^i = hv — K] 

i hv — LI (134a) 

I mv^z = hv Mj 

In practice, intense illumination is required so that a continuous 
x-ray spectrum is used rather than monochromatic radiation. The 
continuous spectrum of maximum frequency v then gives rise to a 


4 Reference 4 at end of chapter. 
6 Reference 3 at end of chapter. 
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Fig. 33. Moseley diagram of absorption limits of the elements. Dots and cr 
are lumts observed spectroscopically and by potential measurements. Ci 
are values computed from emission spectra. 


the material illuminated and these monochromatic rays give rise 
corpuscular line spectrum superposed on the band spectrum. 1 
lines Ka, Kp, La and Lfi of the fluorescent radiation produce elect 
of velocities corresponding to frequencies Ka - L, Kp L, Ka ~ 
Kp - If , La - ikf , 
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Do Bro^lic^ slides tliid. the eorpuseuliir spool, ra can be measured 
with a precision comparable: t,o specl.roscopio met, hods. Evidently 
tEe method is not subject, to t,he limitations of t he crystal grating and in 
the future it may prove' a ve-ry valuable means of studying atomic 
structure. 

As absoridion limits can bt' measuri'd with a precision of .1 % or 
bettor throug'h a. s|)(a‘i ruin ran^^e, tluy furnish our best means of 
rnoasuriuR (^l(‘o.fron (uau-gy 1<‘-V(‘ls within th{‘ atom. De Broglie opened 
this fu‘l(i of r(‘S(‘arelL Tho pnaasion nuMisuronuaits of 'Duane and his 
assoc‘ia,tc‘s, t(»^(dh(‘r with th(‘ work of Frickc', Stcnistrom, Hertz, and 
others, furnish a l)asis for thi^ olassifioation and interpretation of all 
x-ray sp(M‘tra/* 

Th(‘ K sori(‘s abs(u*ption limits have Ixuai measured for nearly all 
elenuaits froui magnesium /f = 12 to uranium Z = 92. As critical 
potentials bav(^ Ixhui nu^asured from b(a*yllium][/f = 4 to oxygen Z = 8, 
inehisiv{‘, our knowledge* of the innermost energy Icvcds of the elements 
is n(*arly eomphdi*. 'Tin*. K limit is in g(*neral observed as a single 
disciontinuity in tin* (‘ontinuous absor|)tion.'^ Figtires 33 and 34 show 
tin* K limits, tin* light. (dtammtH, plotted on thrs Moseley scuile. The 
points all fall on a- smooth eurv(^ which is lu^arly linear from magnesium 
to uranimn. Bet w(H‘n oxyg<‘n and magnesium there* is a changes in slope 
of this line*. The* ionizat.ion potential of h(*runu at 25.5 volts has been 
includ(‘d on tlu*s(* diagrams. It falls exaedly on the extrapolated K 
line and is ovidetitly tiu* st arting point of the sericis. 

The* K limit, of uranium is of peculiar int(*roBt, as it is the upper 
limit of the: range* of utomici liruvspe^ctra. I)uan(*’s measurements give 
the folhnving vahu*s X — .1075 A; v/N ^ 8,470; critical potential 
114,770 volts. Iladiations of high(*r freepieuey than this exist. Some 
of tlic hard 7 rays may Ix^ of v(*iy zuuch slujrter wave-l(*ngth, but these 
an*, undoubt{*dly vibrations from witliin ilu* nucleus. They are not 
stri(d.ly spt^aking cluiractc'ristic of tlui 92 ehemieal elements but of the 
200 or so difT(‘r(*nt typ(*s of nuelei. 

L absorption limits liavi* b(*en Bp(*etroscopically measured for ele- 
ments Z = 55 to 92. Ea.(4j of these elements shows three superposed 
bands, of which the long wave-length limit is strongest. These will be 
(lesigna,t(*d L 1, L 2 and L 3 in order of decreasing wave length.*^ 

® Koftn’ornM' 4 at. (taU of chaptor. 

^ AhHorpt loa Umltii of loni^: wavo-longth In IhiM and (Xlior sorlos show a flno structure at 
t he ettgo of Out tnuid whUdi will he dlscusHtHi later. 

« The notation l-C I, /. l, etc., i^erveii prewtent purposes better than Km, Imi. etc., used In 
former ciianters. It. avoids confushm with the Hue notation Km, Lm, etc. Similarly Ai and 
N limits will im ntunlKtred in the order of tlielr frequency, tlie lowtsit being 1. 
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L limits for ten light elements between sodium 11 and copper 29 
can be computed from critical potential measurements. Here too the 
authors have observed several limits for each element, but the highest 
potential corresponds to the doublet i 1, 2 and the other limits are new 
series not found in heavy elements. Figure 35 gives the beginning of 
the L series and Figure 33 the entire series. The ionization potential 
of Neon at 16.7 volts falls on the line L 1, 2 and is assumed to be the be- 
ginning of the series. 

M series limits have been observed spectroscopically only in riranium, 
thorium and bismuth. Five limits are known for the first two elements 
and three for bismuth. Four critical potentials have been measured 
for the M emission lines of lead and Table XXXIX gives potential 
measurements of M limits for five light elements. The limits ascribed 
by Kurth to the N series are probably M limits. Much of our knowledge 
of the M series and outer levels is derived indirectly from the data on 
emission lines. Detailed consideration of the relation of these critical 
potentials to the system of absorption limits will be given later. 

In the above treatment of absorption phenomena we have assumed 
that the limits are single discontinuities in the continuous absorption. 
Stenstrom and Fricke^ have obtained spectrograms with relatively high 
dispersion which indicate that this is not the case. Fricke describes the 
structure of soft K limits as a distinct boundary on the long; wave- 
length side followed by an absorption line or band and sometimes by 
two bands. The interval between the boundary and first line varies 
from X = .002 A to .01 A and indicates an energy difference between the 
levels of the line and boundary of from 2 to 25 volts. 

Kosseh® has suggested that this line absorption may be asciubed to 
the virtual orbits outside the atom. But if this is true, the boundary 
of the absorption cannot give the energy required to remove an electron 
from the atom, since the lines are of higher frequency than the limit. If 
the lines are so explained, the limit of the band may give the work re- 
quired to displace a K electron to the incomplete valence ring. Fricke 
states that the structure observed is apparently not consistent with tlie 
above hypothesis. Another possible theory is that the lines are limits 
for multiply ionized atoms. 

The potential measurements of the authors gave no evidence of a 
structure of this kind. In the case of potassium and sodium the princi- 
pal radiation potentials agreed within experimental error (1 or 2 volts) 


® Reference 4 at end of chapter. 
Reference 5 at end of chapter. 
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with ionization potentials for an x-ray level. This is probably the most 
direct evidence that x-ray absorption is accompanied by ionization 



0 2 4 6 6 


Atomic Number 

Fig. 34. K limits observed by the authors and the ionization potential of helium. 

and that the absorption limit corresponds exactly to the work of ioniza- 
tion from an x-ray level. Our results, however, do not exclude the 
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possibility of excitation without ionization at other critical potentials. 
Some faint radiation potentials (not listed in Table XXXIX) were 
observed for elements of the first row, which may be in the future 
identified with potentials required for excitation of single line K spectra. 
It is probable that in the outer x-ray levels, the phenomena of line 
absorption and resonance spectra become of importance. With valence 
electrons, line absorption is the chief characteristic, and continuous 
absorption beyond the series limit very faint, while with high frequency 
spectra the second factor becomes predominant. In the intermediate 
range we should expect to find the transition, although conclusive 
experimental evidence of this is yet to be found. 

It also may be predicted that limits of x-rays are not entirely in- 
dependent of the chemical and physical state of an element. Indications 
of a difference in K limits of various compounds of phosphorus and 
chlorine have been observed.^^ On the other hand measured K limits 
of four carbon compounds showed no detectable differenced^ (less than 
1 volt). 

The possibility of locating absorption limits by measurements of the 
absorption coefficient of elements for radiation not resolved by the 
spectroscope, is shown by Holweck.d^ The continuous x-rays from a 
solid bombarded by thermions (electrons) are passed through screens 
of very thin celluloid and the absorption coefficient of gases and solids 
for the residual radiation is determined. Now the continuous radiation 
has a maximum wave number v given by the applied potential V, viz. 
V = 8100 F. If this radiation is passed through screens exhibiting 
only general absorption (no bands) in the region studied, the lower 
frequency radiation will be entirely absorbed and the transmitted frac- 
tion will become more homogeneous, approximating monochromatic 
light of wave number v. This is known to be true in the range of x-ray 
spectra and Holweck, assuming it true at low voltage, was able to esti- 
rqate the position of absorption bands from curves of total absorption 
vs. potential. Results are given in Table XL, together with comparison 
data from other sources. As the technique of the measurements is 
difficult, the agreement must be considered at present merely as a satis- 
factory check on results by other methods. A most important phase of 
Holweck’s work is the study of the laws of non-selective absorption in 
the-low voltage range. We cannot consider this subject here except to 
state that the results justify the fundamental assumptions of the method. 

- 7 It Sd If Ihl^tlr. " ^ 
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ATOMIC NUMBER 

Fig. 35. Soft L and M limits. Dots and crosses give results of potential measure- 
ments. Circles are limits computed from K spectra. 
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TABLE XL 


Absorption Limits Measured by Holweck 


X-ray Limit 

Volts 

v/N 

Comparison Data 

Carbon K 

290 approx. 

21.4 

20.0 

Mohler and Foote. 

Aluminum L. . . . 

64 ±2 

4.7 

4.8 

Figure 35. 

Aluminum K — 

1555 ± 10 

115.0 

114.8 

Fricke. 

Boron K 

160 approx. 

11.8 

13.7 

Mohler and Foote. 

Gold iV 1,2? ... 

160 approx. 

11.8 

9 

Figure 33. 


3. Emission Lines and the Combination Principle 

The first survey of the field of x-ray emission spectra was made by 
Moseley soon after the discovery of the crystal spectrometer by Bragg. 
Since that time rapid progress has been made in the precision and range 
of measurements and particularly in the discovery of new lines in known 
series.^^ Figures 36 and 37 show typical K and L photographs- Many 
more lines have been measured than can be seen in the reproduction, 
and the complexity, particularly of the L groups, is increasing with 
every improvement in technique. Measurements of line spectra have 
been extended to somewhat longer wave-lengths than absorption limits. 

An interesting recent development is the extension of the range of 
the diffraction grating by Millikan.^^ He finds isolated groups of lines 
in the extreme ultra-violet spectra of sodium, magnesium and aluminum 
which he ascribes to their L series. The wave-lengths of the strongest 
of these are 

Na-372.2 A, Mg-232.2 A, Al-144.3 A. 

The above lines were designated as La, but for magnesium and 
aluminum the wave-lengths are shorter than the limit Z/ 1. A 
possible explanation of their origin which is consistent with other data 
will be given later. Similar groups of lines are found for elements in the 
first row of the periodic table. These are apparently related to the L 
limits of carbon and oxygen found by Kurth. Though the theoretical 
significance of these extreme ultra-violet emission spectra is as yet in 
doubt, they at least promise an important field for future research. 

The extensive and accurate data on high frequency spectra furnish 
us the basis of our knowledge of the inner structure of the atom. An 


Reference 8 ab end of chapter. 


16 Reference 9 at end of chapter. 
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Hnportant step in this study is the development of a combination princi- 
plei® which relates emission lines and absorption limits in a manner 
analogous to the combinations found in arc or spark spectra. A system 
of combinations was first proposed by Kossel, but the complexity of 
absorption limits was not then known, and the scheme is too simple for 
a satisfactory interpretation of the spectra. In the past year several 
physicists have independently developed combination principles ade- 
quate for the explanation of nearly all observed emission lines. 

The initial condition for x-ray emission is an electron deficiency in an 
inner atomic level. The emission of a spectrum line results when an 
electron from an outer orbit falls into the vacant place. The final 
state with respect to this process is accordingly an atom with an electron 
deficiency in a higher level and the process is then repeated until the 
atom assumes the normal state. The quantum radiated is equivalent 
to the difference in energy of the two successive states involved. The 
energy of each state, referred to the normal as zero, is proportional to a 
limiting frequency. Hence the frequency radiated should be equal to 
the difference of two absorption limits. The following pages give the 
experimental verification of this conclusion. 

We shall consider in detail the x-ray spectra of tungsten consisting 
of the experimentally determined K limit, 3 L limits and over 30 emis- 
sion lines, the v/N values for which are listed in Table XLI. These 
spectroscopic data with a few exceptions are from a table by Smekah^ 
and data of Duane.^^ The notation is that of Siegbahn as revised 
by Coster.^^ The system of combinations follows the scheme of 
Wentzel.^^ 

In Figure 38 we have plotted as vertical lines the differences 
between absorption limits and emission lines. Thus in the lower row 
are plotted K1 — Kai, K 1 — Ka^, etc. This row of lines gives accord- 
ing to the combination principle the energy levels involved in K emission 
lines. The origin is the atom surface. The observed L| limits plotted 
in the second row are seen to agree with the computed values. For 
convenience L and M series are plotted on a larger scale. 

In the computation of a limit from an L line we must first determine 
which of the three L limits corresponds to the initial state. Experi- 
ments by Hoyt^^ on the critical potentials of tungsten give the series 
limits of a number of the lines (designated by * in Table XLI) and the 
remaining lines are classified so that they are consistent with those of 

18 Keference 10 at end of chapter. 

11 Reference 10 at end of chapter. 

18 Reference 4 at end of chapter. 

18 Reference 11 at end of chapter. 
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known origin. The M lines are assumed to originate as follows : Ma = 
M 1 - N 1; = M 2 - N 2; My = M Z - N 3. On the right side 

of Figure 38 are shown the series limits of the emission lines which 
indicate the initial states involved.. The plotted differences give the 
final state for each emission line which also corresponds to an absorption 
limit. All M lines are plotted on one row and the M limits used are 
those computed from the L series lines. The upper row gives the mean 
positions of five M and seven N levels. The intervals A 1, AT 2 and N 3^ 
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Fig. 38. Energy levels in the tungsten'*atom''coinputed by the combination principle. 


Nl^]ioT tungsten are smaller than^the experimental error, butlfor uranium 
and thorium they are of measurable magnitude. 

In Table XLI is given the origin of each line in accordance with 
Figure 38. The 0 limits are all unresolvable and close to the origin, so 
they have not been included in the diagram. All but two very faint 
lines are accounted for. It is seen that the series relationships furnish 
a logical system of nomenclature for x-ray lines analogous to the notation 
used for are and spark spectra. 
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TABLE XLI 


X-E,ay Spectra, op Tungsten 


Notation 

Observed 

v/N 

Series Notation 

Computed 
Limit v/N 

Notation 

Kl 

5118.0 




Kad 

4239 

Kl-LZ 

879 

LZ 

Ka2 

4270.3 

KI-L2 

848 

L2 

Ka 1 

4368.7 

XI - LI 

749 

LI 

KI3 

4947.4 

Kl- MZ 

; 171 

MZ 

K0' 

4928 . 

Kl - Mi 

190 

Mi 

Ky. 

5050.9 

KI-N5 

27 

No 

L 1 

750.88 




L2 

849.42 




L3 

889.9 




LI 

544.02* 

LI - M5 

206.9 

Mb 

La 2 

613.85* 

LI - ikf2 

137.0 

M2 

La 1 

618.45* 

LI- Ml 

132.4 

Ml 

Lrj 

642.78* 

L2-Mb 

207.0 

Mb 

L/3 4 

701.66* 

LZ- Mi 

188.2 

Mi 

L/3 6 

708:00* 

LI -N7 

42.9 

N7 

L|3 1 

712.39* 

L2-M2 

137.4 

M2 

3 

723.23* 

LZ-MZ 

166.7 

MZ 

Lp 2 

733.76* 

Ll-Ni 

17.1 

Ni 

L/S 8 

736.4 




L^7 

746.6* 

LI-N2 

4.3 

N2 

L/3 5 

751.1* 

LI -0 

0 

0 


752.0 





753.3 

LZ-M2 

136.6 

M2 


757.1 

LZ - Ml 

■ 132.8 

Ml 

Ly 5 

807.03 

L2-N7 

42.7 

N7 

Lyl 

831.81* 

L2-Ni 

17.9 

Ni 


844.2 

L2 -N2 

5.5 

N2 

Ly 6 

850.5 

L2-0 

0 

0 

Ly 2 

854.98 

LZ -NQ 

34.9 

Nb 

Ly 3 

859.97 

LZ -K5 

30.0 

Nb 


873.5 

LZ-NZ 

16.4 

NZ 

Ly 4 

887.77* 

LZ-Nl 

2.1 

Nl 

Ma 

130.56 

Ml -Nl 

2.0 

Nl 

ikf/S 

134.99 

M2 -N2 

2.0 

N2 

My 

149.62 

MZ-NZ 

17.1 

NZ 


^ Denotes lines of experimentally determined series. 
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Figure 39 shows the M and N levels of uraniuni computed from 
the L and M series. In this case the five M levels have been observed 
spectroscopically so that the N limits computed from M lines are much 
more accurate than for tungsten. Other heavy elements give similar 
results and for atoms as light as caesium, Z = 55, several M and N 
levels may be located from data on the L series. L limits may be com- 
puted from K series lines down to magnesium, Z — 12, K spectra for 
elements lighter than titanium, Z = 22, become complicated by addi- 
tional lines Ka\ Ka^, Ka 4 , and L limits computed from these 

hnes are all softer than L 1, 2. Figure 35 shows lines drawn through 



Vn 

Pig. 39. Energy levels in the uranium atom computed from L and M six'ctra. 


the mean points computed from the close doublets as, a.! and It is 

seen that the computed points agree with the observed critical potentials, 
though only in one case, phosphorus, were the three potentials, cor- 
responding to the three lines drawn, clearly separated. 

Several theories have been proposed to explain these a lines all of 
which assume that the simple combination law cannot be applied; i.e, 
that the limit K 1 does not determine the initial state. The observation 
of L limits agreeing with the computed frequencies, 

i 5, 6 = iTl Ka,,, etc., 
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cannot be explained by any such theory. For the same reason we can- 
not ascribe these L limits to resonance potentials. If the K linrit is an 
ionization potential, L5,6 must be one also, provided the above relation 
has a physical basis. 

4. Thkoretical Significance op the System of Absorption Limits 

It is evident from Figure 33 that the usual assumption that the 
atom structure is made up of single K, L, M , etc., levels is a very rough 
approximation. In a heavy element the five M limits and seven N 
limits each cover a range of frequency comparable to the interval sepa- 
rating the two groups. For uranium we must have, in addition to the 
sixteen limits shown, an undetermined number of 0 and P levels. 

Disregarding for the instant the complexity of the limits, we see 
that the magnitude of the frequencies involved indicates the total 
quantum number n, which must be assigned to each group of levels 
Kj L, iif , etc. Thus the energy of a X level is a little less than that of a 
single electron in an = 1 orbit around a nucleus of charge Ze. An 
electron in an outer level has energy comparable to an electron in a 
higher quantum orbit revolving around a charge (Z — z)e, {z = electron 
deficiency) so that to a first approximation the equation of a limiting 
frequency is 

(135) 

While this equation is far from accurate, yet it indicates that n has the 
values 1 for K, 2 for L, 3 for M, and 4 for N. 

There are some striking regularities in the complicated groups of 
absorbtion limits. They may be classified in two ways: (1) Pairs 
L 1 L2, AT 3 M4, M 1 M 2, iV 5 AT 6, AT 3 iV4, and AT 1 A 2, which are 
converging linos on the Rdoseley diagram. The wave-length difference 
for each pair is constant for different elements. (2) The pairs A 2 L 3, 
M 4. M 5, M 2 M 3, N Q N 7, N 4 N 5, N 2 N Z give parallel curves on 
Figure 33. The law of their separation is then \/vi — vTs = constant. 

It was shown in Chapter I that the separation L 1, 2 could be ex- 
plained by the difference in relativity correction for two orbits, one of 
radial quantum Ur — 0 and azimuth quantum Ua = 2, the other Ur = 1 
and = 1. Somnierfeld finds that all doublets of the first type, AX = 
constant, can be explained in the same manner. 


20 Reference 11 at end of chapter. 
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The equation for this doublet separation, Equation (62) Chapter I, 
can be written in the form 

Ay/N zy[l + a(Z -zy + b(Z - (136) 

where y, a and h are constants involving the values of and Ur used, 
and z is the electron deficiency in the orbit concerned- Values of na and 
Tir are chosen according to the scheme of Table XLII. 


TABLE XLII 

Quantum Numbers of X-Ray Limits 


Limit 

K 

LI 

L2 

L3 

Ml 

M 2 

Md 

M4 

M 5 

N‘l 

N 2 

A3 

„ 

N 4 : 

N 5 ' 

A 6^ 

A7 

ria 

1 

2 

1 

1 

3 

2 

2 

1 

1 

4 

3 

3 

2 

2 

r 

1 

nr 

0 

0 

1 

1 

0 

1 

1 

2 

2 

0 

1 

1 

2 

2 

3 

3 

• 

1 

2 

2 

2 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 


That the law AX = constant is consistent with Equation (136) is 
easily seen. To an approximation, from Equation (135), it follows 
that for a given line of a given series in all elements, 

v=^k (Z -zY {Z - z)\ 

By Equation (136), Av ^ k' {Z — zy. 

Since AX = Av/v'^ we have AX = k'/k^ = constant. 

A further test of Equation (136) is best made by solving for z, using 
the values' of ria and rij. given in Table XLII. Sommerfeld has carried 
this computation throughout the range of experimental data and finds 
the value of z constant for corresponding doublets of different elements. 
The following mean values are obtained for the different doublets. 


Doublet 

Ll,2 

Af3, 4 

Ml, 2 

A 5, 6 

iV3,4 

Nl,2 

2 

3.50 

8.25 

13.16 

1 A Q 

OK ^7 1 



10 . 0 

ZO.i 

00 . y 


The quantity 2 is a measure of the resultant repulsive force of electrons 
in the inner atom structure on an electron at the given level. To a first 
^PP^o^hmation it is numerically equal to the number of electrons inside 
the orbit considered. The value of z should then increase progressively 
from the K ring outward, being always greater for levels of smaller 


I;., 
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energy. The above results fulfill this condition, viz. z {L 1, 2) < z 
(M 3, 4) < ^ (M l,2)<z (N 5,Q)<z (N 3, 4) < z {N 1, 2). The 
values are also of the expected magnitude. Thus there are 10 electrons 
within the M group for which 2; = 8 to 13. That this deficiency re- 
mains the same for different elements is likewise in agreement with our 
conception of the inner structure of atoms. 

The second class of doublets (inaptly termed irregular doublets) 
for which Vi/i ~ \/j/2 = constant, are more simply explained. We 
obtain directly from Equation (135) : 




V2/N 


n- 

{z - z'.y 


(137) 


Accordingly V vi/N — V v^JN = — ^ 


(138) 


That is, the second type of doublet separation can be ascribed to elec- 
trons in levels of the same quantum number (n = + nr) but differing 

in electron deficiency, {z' and z distinguish deficiencies computed from 
the two types of doublets.) Equation (137) is only an approximation 
so that z\ and z '2 may differ considerably from the z’s computed from 
relativity doublets. However the difference z '2 — js'i = Az'1,2 should 
be the actual difference in electron deficiency if as we have assumed 
this is the sole cause of the frequency difference. All available data on 
these doublets give the following mean values. 



L2, 3 

M2, 3 

AT 6, 7 

5 

N2, 3 

As' 

1.21 

3.39 

2.3 

4.7 

9 

As 


4.91 


9.4 

8.2 


The lower row gives values of A z computed from differences in z given 
by relativity doublets (0 of ikf 1, 2 ~ z of M 3, 4 = A2: of ilf 2, 3, etc.). 
The agreement is not very close, but there is great uncertainty in some 
of the data as well as in the approximations. That the two differences 
are of the same sign and magnitude is a fair justification of the theory. 

We conclude that the doublets of the first type; L 1 and L 2, Jlf 1 and 
M 2, etc.; all originate from two orbits at the same mean distance from 
the nucleus but differing in ellipticity; while apparently the pairs of the 
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second type; L 2 and X 3, M 2 and M 3 etc.; are orbits of the same sh^ 
but at different distances from the nucleus. Thus the L 3 orbit 
inside of L 2 so that the electron deficiency for the latter orbit is 
creased by the effect of electrons in L 3. There are then two L lev( 
three M levels and four N levels; and at some of these levels are t 
types of orbit differing in ellipticity and hence in energy because of 1 
relatmty effect. This latter separation becomes negligibly small 
the limits of low frequency. The L limits softer than L 1 observed o] 
for light elements, do not fall within the above scheme. These lines 
Figure 35 are evidently parallel and hence form doublets of the secc 
t3q)e. 

Two quantum numbers rz^ and rir suffice to explain the doul: 
separation and, roughly at least, the absolute values of the frequencies 
x-ray spectra. If we attempt to find a selection principle in the einiss; 
spectrum another quantum number must be used. WentzeP- has 
veloped a system involving a third ^^grund quantum which expla 
the observed intensity relations and requires no change in the ot. 
quantum numbers. As with arc spectra, transitions violating 
selection principle are improbable but not impossible. For details 
this principle of selection the reader is referred to the original papers 

The laws of doublet separation furnish the criteria for extrapolat 
the curves of Figure 33 beyond the range of our data. Thus 1/ 3 on i 
Moseley scale is parallel to L 2. The graphs of the relativity doubl 
converge as the atomic number decreases and the five M limits for lij 
elements approach three parallel lines, M 1, 2, M 3, 4, and M 5. Ai 
further guide for extrapolation we assume in analogy to the L sei 
that M 1, 2 begins with the ionization potential of argon at 15.1 vo^ 

21 But see in this relation Appendix II. 

Reference 10 at end of chapter. 

23 This is analogous to the “inner quantum” proposed to explain the selection princ 
involved in doublets and triplets of arc spectra. It is found that, with the exception of ceil 
very faint lines, x-ray emission spectra, like arc and spark spectra, arise from transit] 
fulfilling the Rubinowicz selection principle; viz., the change in na is 1 or 0. But 
converse is not true. All transitions fulfilling this condition do not appear. Jfor insta 
both Ka 2 = Kl — L2 and Ka^ = K1 — 1,3 involve transitions in which Aria = +1. 

is always a strong line but Kaz is unobserved except in the tungsten spectrum as measurod 
Duane. Evidently there is in addition to the Rubinowicz limitation another limiting fa( 
independent of the values of na and nr, Wentzel expresses the law of selection as folk 
Assign to the x-ray orbits numbers m as given below : 



K 

LI 

L2 

L3 

Ml 

\M2 

M3 

M4 

Mb 

Nl, 

N2 

NZ 

iV4 

Nb 


m . . 

1 

2 

2 

1 

3 

3 

2 

2 

1 

4 

4 

3 

3 

2 

2 


Then observed emission lines (very faint lines excepted) arise in transitions for which Ana « 
or 0, Am = =*= 1. At the present time we do not know the physical meaning of m or of char 
m m. 


213 


X-RAY SPECTRA 

It is SGGH in FigurGS 35 and 33 that critical potentials ascribed by Kurth 
to the N series, the potentials measured by the authors for potassium 
and nickel, and the molybdenum point found by Richardson and Baz- 
zoni all fall close to the M 1 line. The three higher potentials measured 
by Rurth aie close to M 5 and the point ascribed by the authors to 
tungsten falls on the N 1,2 line. 

Of the L limits observed by Kurth the points for aluminum and 
silicon fall exactly on L 3, while for heavier elements measured potentials 
are close to L 1. The fact that the authors did not observe L 3 is ex- 
plained by the difficulty in distinguishing a faint critical potential which 
lies above a strong one. The failure of Kurth to observe the L 1, 2 
limit indicates that there is a fundamental difference between soft 
x-radiation of solids and gases. We suggest the hypothesis that radi- 
ation from the outer x-ray orbits is at least partially suppressed in 
solids for the same reason that arc and spark spectra are entirely missing. 
In the second row of the periodic table the level L 1, 2 is close to the 
atom surface and L 3 considerably below it. Hence in the solid state 
only L 3 can freely emit radiation. Beyond the second row both L 1, 2 
and L 3 are well within the surface and radiation from the former be- 
comes strong. For the same reason, the emission spectra observed by 
Millikan for sodium, magnesium, and aluminum may belong to the L 3 
series. The lines are not then La but possibly L^z or If the above 
hypothesis is admitted all serious discrepancies in critical potential 
measurements are removed and the observations agree within experi- 
mental error with the scheme of x-ray limits computed from high fre- 
quency spectra. 

Conclusion 

The system of x-ray absorption limits indicates the energy levels 
within the atom surface and must accordingly form the basis for any 
theory of atomic structure. The large number of the absorption limits 
suggests the difficulty of the problem. There have been several view- 
points as to the interpretation of these results. One is that in any single 
normal atom only one type of orbit appears in each K, L, M, etc., level.^^ 
This makes it possible to preserve the symmetry which it has been 
customary to ascribe to atom models, but unfortunately this assumption 
has other theoretical consequences, for example fine structure of K-lines, 
which are impossible to reconcile with, experimental data. 

We are apparently forced to the conclusion that all the shapes of 


24 Eeference 11 at end of chapter. 


214 


ORIGIN OF SPECTRA 


orbits indicated by the theory of relativity-doublets appear in every 
atom. This is the viewpoint taken by Bohr-^ in his recently published 
theory of atomic structure (see Appendix II). If we refer to Figure 1 
which gives the possible shapes of orbits up to quantum number 4 it 
will be evident that the simultaneous existence of all types of orbits 
in a heavy atom results in a very complicated structure. In 
addition to this complexity due to different shapes of orbits we have in 
the second type of doublets evidence of a difference in size among orbits 
of the same shape. Bohr, however, suggests that this frequency differ- 
ence may be due fco the existence of two possible configurations in the 
excited atom following the ejection of an electron from one normal orbit. 
In view of the apparent success of the explanation, on the basis of the 
existence of two normal orbits, we must, at least for the present, give it 
preference and conclude that absorption limits all correspond to energy 
levels in the normal atom. 

The test of these theories will rest largely on more extensive and 
accurate data on absorption limits. As we have shown in this chapter, 
the problem can be approached both by direct measurements and by the 
computation of limits from emission spectra. The rapid progress of the 
past year in both directions encourages the belief that a fairly complete 
survey of the field will be available in the near future. As to the the- 
oretical computation of energy levels, the apparent success of previous 
attempts may be misleading. The simple symmetrical electron con- 
figurations which have been assumed in such calculations bear little 
resemblance to the complicated structure indicated by experiment. 
The numerical agreement between computation and experiment over a 
limited range of x-ray spectra (all published results are limited to the 
K series) may be accidental. A complete solution of the problem is 
inconceivable at the present time, but a reconsideration of the assump- 
tions necessary for an approximate solution is imperative. 
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Chapter X 

Photo-electric Effect in Vapors 

It is well known that if a solid or liquid metal is illuminated w 
light of sufficiently high wave number v, photo-electrons are emitt( 
Below a minimum value of v no emission takes place, but as v is increas 
the emitted electrons leave the surface with increasing initial veloci 
The metals in the solid and liquid state are capable of absorbing 
entire energy of the quantum of incident radiation. This energy: 
conserved and is represented by the kinetic energy of the emitted elect' 
plus the work required to bring the electron through the surface of 
metal. 

By analogy we should expect a corresponding photo-electric eff 
for atoms in the vapor state. If the vapor is illuminated with lii 
of the wave number corresponding to the highest convergence frcquei 
in its arc spectrum, 1 s for the alkalis and 1 ;S for the metals of Groiq.^ 
a quantum of this energy value should be sufficient to eject the vale: 
electron from the atom with zero velocity. If the wave number excc' 
this minimum value we might expect that the valence electron co 
be ejected wdth a velocity or kinetic energy 7nv- == hcv — hc'(l S). 
is conceivable on the other hand that the atom would respond to o 
the single wave number 1 S, the higher frequencies producing no eff 
upon the valence electron. We shall see however that there is g( 
evidence against this latter hypothesis. 

So far the ordinary methods of measuring the photo-electric eff 
by observing the photo-electric current between two plates immeri 
in the vapor which is illuminated by the ultra-violet source of light h^ 
yielded very little of a definite nature. The amount of photo-eleci 
ionization has not been sufficient to have enabled any of the ma 
investigators in this field to differentiate it clearly from spurious effec 
In fact the very existence of a photo-electric effect should be responsi 
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for a spurious current consisting of electrons liberated from the electrodes 
by the diffused radiation from the vapor which must be an immediate 
consequence of photo-electric ionization. The chief difficulties encoun- 
tered, however, have been in the shielding of the electrodes from direct 
and scattered radiation of the illuminating source, and the scattering by 
impurities, dust particles, condensed groups of atoms, or ions, etc. 

A probable exception to the above statement is suggested by the 
recent note of Williams and Kunz“ who found that caesium vapor was 
ionized by light of wave-length 2530 A and that wave-lengths longer than 
X 3130 were quite ineffective. Special care was taken to ensure the 
absence of surface effects. The value of 1 s for caesium is X 3184. 

The spectroscopic consequences of a photo-electric effect in vapors 
are most interesting. If any considerable effect existed, and if it re- 
quired for its production radiation precisely corresponding to the con- 
vergence wave number of the principal series, we should expect to find a 
strong narrow absorption line at this point in the absorption spectrum 
of the normal vapor. No such phenomenon has been observed. 

On the other hand if the photo-electric ejection of the valence electron 
may be produced by the absorption of radiation of any wave number 
greater than that corresponding to the highest convergence limit we 
might expect to find a well-defined broad band in the absorption spectrum 
terminating sharply on the long wave-length side at the convergence of 
the series. In fact this method would immediately suggest itself for the 
determination of series limits for elements for which the relations are 
unknown. This precise phenomenon has not been observed. We shall 
see that absorption is present but it is not in general very sharply defined. 

If the ordinary photo-electric action is possible, illumination of the 
vapor with light of wave number equal to or greater than that of the 
highest convergence frequency should produce ionization. The ioniza- 
tion should be followed by recombination so that with such monochro- 
matic stimulation all lines of the arc spectrum should be excited. The 
authors have tried this experiment with caesium vapor obtaining nega- 
tive results- However, from the evidence presented below there is little 
question but that the emission should be produced. It is possible that 
the effect is present, but of insufi&cient intensity to be readily detected. 
The experiment is a crucial one and worthy of extensive investigation. 

Complete ionization, or certainly nearly complete, may be pro- 
duced in successive stages as shown by Fuchtbauer’s^ experiments 

2 Phys. Rev., 15, p. 550 (1920). 

a Physik. Z., 21, pp. 635-8 (1920). 
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with mercury vapor. As discussed in detail iu Cluip((‘rs IV aud VI, 
the mercury vapor illuminated by li^ht from tlu^ nunxniry arc^ was found 
to emit the arc spectrum. Wood observed absorption of tlu^ oTtb term 
in the principal series of sodium. The Ytilcuvv (‘lecd ron is a(‘(‘ordirtgly 
ejected to the 58 p orbit and the atom is thus a,bl(‘ to lanit. most of the 
arc lines. If the electron can be ejected to th(^ oS p orbii. tluna* is no 
question but that it can be completely ejected by absorption of radiaticm 
of slightly higher frequency, for the differen(‘(‘ Indwcnm t Iic^ oK orbit 
and complete ionization is an extremely small (luant it-y. 

We have shown in Chapter IX that a limit in x-ray s(M*ic‘s is shar|)ly 
defined by the edge of an absorption band. For ('xamph\ dtmsi^ absorp- 
tion begins abruptly at the K limit and gradually faxh's away toward 
the higher frequencies. The reason that the band is \v(‘ll dtdiiK‘d is 
because the other x-ray orbits are occupied. Th(^ <dec(.ron in thc^ A- 
orbit can not absorb a lower frequency suffi(‘i(mt, t-o displatu^ it to an 
L-orbit, for example, since the L-orbits are salairattHi and tlierc^ is no 
vacant place which the ejected electron may occupy. displacuanont 
must be to a virtual orbit which is unoccu])iod iu normal a-ituu. In 
the case of x-rays these virtual orbits are so far out that, displnccmcnit 
to any of them amounts to complete ejection as far as tlu‘ (auugy or Ilu‘ 
spectral frequencies are concerned. 

The case is totally different vrith the sp(^<d.r{>s{‘o])H<‘ plamonuma 
produced by the valence electron. Here all orloits ()iifsi(l(‘ tlu* normal 
orbit occupied by the electron are virtual or xinfillcMl. Th<‘ edendron 
may be displaced to any of an infinite number of virt.ual orbits 1 )y a!>sorp- 
tion of radiation. The main reason the lines of th(" primupal scudos of 
sodium were not detected by Wood beyond nt = 58 was laH^aust* of 
insufficient resolution. The absorption is presemt l)Ut the 58 to oo 
terms are all so close together that they appear as a contimiouH band 
terminating at the convergence of the series. Now if th(‘ atoms coiikl 
not absorb radiation of higher wave number than tbis, that is if 
were no photo-electric effect, the absorption spectrum sliould terminate 
sharply at the convergence frequency. We would hav(> a dark band 
from m = 58 to m = 00 and the clear bright l>ae,kgroimd of t!it^ con- 
tinuous source at the higher frequencies. The', phemomemon usually 
observed however is an apparently continuous absorption e'xtanding 
from, say m = 58 to wave-lengths much shorter than tliat corresponding 
to 1 s. That is, the apparent band spectrum due to the closer line absorp- 
tion joins on to the true band spectrum, at wave numbers grc'attu* than 
1 and there is no abrupt change in the spectrum at 1 The l)and 
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spectrum at wave numbers greater than 1 s indicates the existence of the 
photo-electric effect in vapors. 

Under certain experimental conditions it is possible to accentuate 
the amount of continuous absorption over that of the line absorption 
so that a slight discontinuity is observable at 1 s. Apparently one 
condition for this result is high vapor density. Figure 40 shows three 
absorption spectrograms for sodium vapor made from Professor Wood’s 
original negatives. The higher terms of the principal series show as 
absorption lines on the right half of the figure. Unfortunately, the 
bright lines from the cadmium spark used as the continuous source 
detract somewhat from the appearance of the prints. However, one 
sees that, because of insufficient dispersion and resolution, the lines 
crowd together near the convergence forming what appears to be band 
absorption. At the point A which marks the head of the series a genuine, 
continuous absorption spectrum is present which extends to the left 
for a considerable distance into the ultra-violet. The point to which 
attention is specially directed is the fact that the absorption is con- 
siderably more pronounced over the spectral region indicated by the 
arrow than at the head of the series just to the right of the arrow. The 
source, however, if photographed alone, is of uniform brightness in this 
region. This illustration clearly demonstrates the presence of the con- 
tinuous absorption beginning at the head of the series and extending 
toward the higher frequencies, a fact pointed out by Wood^ in 1909. 
In his paper he states One point of great interest noted with very dense 
sodium vapor is the general absorption which begins exactly at the head 
of the principal series and extends from this point down to the end of the 
ultra-violet. The vapor is much more transparent to the light between 
the absorption lines than in the region below the head of the series. 
The head of the series actually shows much brighter on this account 
than the rest of the spectrum below it.” 

This is again brought out by Figure 41, a photograph made by Dr. 
George Harrison under similar conditions. Below the limit, the con- 
tinuous absorption is much greater than anywhere between the principal 
series lines from m = 9 to the limit. The upper spectrogram shows 
the cadmium source alone, the intensity of which is fairly uniform. 

We have found in Chapter VI that if the vapor pressure is high an- 
appreciable fraction of the atoms may be excited, the valence electron 
being maintained in the 2 p orbit by absorption of the temporarily 
imprisoned resonance radiation. Hence for such atoms there should be 

4 Astrophys. J„ 29, pp. 97-100 (1909). 
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a region of continuous absorption defined sharply on the red side at 2 p 
or for sodium at about X = 4080. There is an indication of this at the 
extreme left of the illustration. The wave-length concerned, however, 
lies outside the portion of the spectrogram here reproduced. One 
would expect that if such a continuous absorption were present, lines 
of the subordinate series should be reversed. However, it is worthy 
of note that under the above described conditions some continuous 
absorption may be expected at 2 p and at higher wave numbers such as 
2 s, 3 d, 3 p, etc. This absorption, of course, will be superposed on the 
structured band spectrum arising in the molecule Na 2 and in general is 
probably too faint to be detected. Furthermore the different bands 
beginning at 3 p, 3 d, 2 5, 2 p, etc. probably overlap and give the appear- 
ance of a continuous stretch of faint absorption. 



Fig. 42. Transmission of sodium vapor for radiation near the limit of the principal 

series. 

Holtsmark^ has made micro-photometric measurements on the 
transmission of a photographic negative throughout the region of the 
absorption spectra of sodium and potassium. The photographs were 
similar to those in Figures 40 and 41 except that lower vapor pressure 
was employed and there was no detectable transition from the line 
absorption to the band absorption. The negatives were of uniform 
density throughout this region. Figure 42 shows his results for sodium 
where the wave-length with increasing values toward the left is plotted 
against a function of the intensity of the light transmitted iy the column of 
vapor. 

5 Physik. Z., 20, pp. 88-92 (1919). 
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1 he. upper CAirve represents the observations on the portion of the 
spectrum lying between the lines, the ordinal numbers of which are 
indicated below. The lower curve from line 14 to the head of the 
senes K^.piesents tlxe photometric measurements made on the absorption 
lines th(Hnselves. Phe points to the right lying at higher frequencies 
than tlie head are due to the continuous absorption. One notes that 
the lower curve shows no abrupt change in passing the head of the 
series. The line absorption goes over into the band absorption without 
discontinuity. However, the comparison must be made with the upper 
curve. If it were not for the line absorption crowding together, making 
ineasureinents between the lines impossible near the head, we would 
find the intensity curve following the course of the dotted line with a 
sharp break at the head. This is identically the t\q)e of curve char- 



Fi( ; . 43. Transmission of potassium vapor for radiation near the limit of the principal 

series. 

actcvristic of x-ray absorption limits. The only reason it is so difficult 
to detect in optical spectra is because the effect is in general obliterated 
or grc^atly reduced by the line absorption which is absent with x-rays. 

Figure 43 shows similar results with potassium. The upper curv^e 
refers to the intensity between the lines and the lower curve to the 
intcuisity in the continuous band beginning with the head of the principal 
seri(\s. A sharp break appears at v = 1 s, the limit. 

Wo have mentioned that if continuous absorption is present at 
the hc^ad of the xxrincipal series we should also find it at the head of the 
suliordinate scries when a sufficient number of atoms are excited, haffing 
tlie valence electron in the 2 p ring. Thus with hydrogen, while the 
true photo-electric absorption of the normal vapor begins at the head 
of the Lyman series in the far ultra-violet, that of the excited gas should 
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begin at the head of the Balmer series and extend toward the sliorter 
wave-lengths. In certain hydrogen stars as discussed in Chapter \ II 
an appreciable fraction of the hydrogen atoms hav(' the electron in the 
second orbit. Such stars should show a continuous hand absorption 
limited on the less refrangible side at ^ iV'n ^ = 3G4(). 

Huggins® observed that '^a characteristic feature of white-star 
spectra consists in the rather sudden fall of intensity of the continuous 
spectrum at about the place of the end of the series of dark liydrogcn 
lines. The spectrum, much enfeebled, continues to run on without any 
further sudden enfeeblement until it is stopped l)y tlie absorption of our 
atmosphere. This fall of intensity is most truly appreciated by (joinpar- 
ing the brightness of the continuous spectrum in the narrow intervals 
between the last few hydrogen lines with the brightness of the continuous 
spectrum a little beyond the termination of the series of Unes.^^ 

Hartmann"^ has made a systeihatic photometric study of several 
hydrogen stars and from numerous measurements concludes that there 
is a general absorption from the head of the Balmer series to about 
X 3400. 

Horton and Davies were led to conclude from their experiments on 
ionization potential, that helium, excited by 20.4 volt electronic im- 
pact, may be ionized by absorption of the 21.2 volt radiation of helium. 
If this observation be correct it indicates a photo-electric action analogous 
to that described for hydrogen. 

In conclusion we find that while attempts to detect a photo-electric 
effect in vapors by electrical means have not yielded satisfactory results, 
the spectroscopic evidence for the existence of the effect is perfectly 
definite and that the phenomenon takes place precisely as predicted by 
the quantum theory of absorption. 


® ‘‘An Atlas of Eepresentative Spectra,” p. 85. 
7 Physik. Z., 18, pp. 429-32 (1917). 


Chapter XI 

Determinations of h Involving Line Spectra 

Birge^ has summarized up to July, 1919, the determinations of 
Planck^s constant h by seven independent methods and has concluded 
that the most probable value is /i == 6.554- 10”^' erg sec. This is the 
number employed for computation throughout this book. 

Probably the most accurate means for the determination of h is by 
the application of the quantum relation to general x-radiation. Duane’s^ 
most recent value by this method gave'6.556 • 10“^b We shall, however, 
confine our discussion to the methods, less precise at present, which 
involve the spectroscopic measurement of frequencies belonging to line 
series, for example, the limit of a principal spectral series, an x-ray 
limit, or a particular emission line. 

There are three direct means for this: (1) by the x-ray method in- 
volving the correlation of the critical potential required to excite an 
x-ray series and the wave number or frequency of the Imnt of the series 
as determined by the absorption spectrum; (2) by use of the empirically 
determined value of the Rydberg constant in Equation (7) ; (3) by 
measurements of ionization and resonance potentials and the correspond- 
ing spectral wave numbers, employing the quantum relation hch = 

Characteristic x-rays 

Table XLIII summarizes typical data on the determination of h 
by this method. We have seen in Chapters I and IX that as the Mnetic 
energy of the impacting electron is increased by raising the accelerating 
voltage, a critical value is reached which is just sufficient to produce 
complete ejection of an electron from an x-ray ring. Because of this 
ejection, for example from the X-ring, a vacant space is created mto 
which an L-electron falls with the resulting emission oCXa etc. One, 
accordingly, observes the minimum potential, V, at which the K Imes 

1 Phys. Rev., 14, pp. 361-8 (1919) . see also Ladenbwg. Jahrbuch Bad. u. Elek., 17. p. 93 

'’■®^“^buaiie. Palmer and Chi-Sim-Yeh. J. Opt. Soc. Am.. 5. pp. 376-87 (1921). 
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are excited. This is correlated with the absorption limit X 1 »y tl lo quan- 
tum relation: 

h = = 5-309 • lO--'* (1 39) 

where e = 4.774*10-^'^ e.s.u. and c = 2.9986- 10^^’ cm/scc., the wave- 
length X being expressed in cm. 

There is little doubt but that the method is (capable of far greater 
precision than is indicated by the values in Table X L.I11. Tlie tecliiiique 
has not been developed because of the more satisfac'tory nudhod involv- 
ing the general x-radiation. The recent value for aluininuni by 1 lolweck 
was obtained in a different manner as described on page 202. 

TABLE XLIII 

Determination of h by CHARACTEKisTre X-rays 


Element 

Limit j 

\ 

X-10^ cm 
Duane 

Minimum 

voltage. 

h 11)27 

Invfhst igjit.or 

Mo 

K 

.6184 

19200 

6.30 

Wooten 

Rh 

K 

.5330 

23300 

6.59 

W(d)st(u* 

Pd 

K 

.5075 

24000 

G.47 

XVooten 

W 

K 

.1781 

70-80000 

6.7 

Hull and llice f 

Pt 


1.070 

11450 

6..50 

W(il>ster jind ('lark ft 


L, 

.932 

13200 

6.54 

Webstcu* and C-hirk 

A1 

K 

7.947 

1555 

6.56 

IIolwcHtk, ef. Table 40 


*Phys. Rev., 13, pp. 17-86 (1919). 

** Phys. Rev., 7, pp. 599-613 (1916). 
tProc. Nat. Acad. Sci., 2, pp. 265-70 (1910). 
tt Pliys. Rev., 9, p. 571 (1917). 


The Rydbebg Number 


Equation (7), derived theoretically, in which N^o denotes tlu! Ryd- 
berg series constant for an element having a nucleus of infuiito mass, 
gives directly for h: 


h 



c (e/m) Nao ‘ 


(WO") 


The relation between N^c and JV for a nuclear mass M is expressed by 
Equation (8). From empirically determined values of and Nii„ 
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obtained by a consideration of the lines of hydrogen and ionized helium 
respectively, Paschen^ found that 

Noo = 109737.11. 

This value may be readily verified by use of Equations (8) and (10), 
the independent determinations with hydrogen and helium agreeing 
to the last significant figure given. 

The value of e/ni may be also derived from observations on the 
wave-lengths of the hydrogen and helium lines as shown by Equation 
(12). This optically determined quantity is e/m = 5.343- 10^” e.s.u./g. 
Substituting these values in Equation (140) we find: 

h = 6.53-10“^^ erg sec., 

where the controlling error should be in the magnitude of the elementary 
charge and in e/m. 


Ionization and Resonance Potentials 


If we use the values of the ionization and resonance potentials listed 
in Tables X, XI and XXIV and the corresponding wave numbers which 
are known with high precision from spectroscopic determinations, we 
may employ the quantum relation to obtain a value for h as follows: 


Ve - 10^ _ 10-“^^ V 
c^v 1.8834 V 


(141) 


The authors, in 1920, summarized their own data, to that date, which 
included twenty independent points on various elements, each of course 
a mean of a large number of measurements.^ Equal weight was given 
to each observation with the resulting mean h = 6.55 -10-27, Since 
then more points have been obtained by ourselves and others. We have 
plotted in Figure 44 thirty-three values, listed in the tables referred to, 
for which the spectroscopic frequencies are known. Assigning equal 
weight to each determination the mean value, h = 6.544 i 0.015 prob- 
able error, is obtained. 

There is no doubt but that this method properly carried out will 
yield results of a precision comparable to that obtained by the best of 
the other methods. Up to the present time the primary object has been 
to determine critical potentials for a large number of elements and little 
attention has been given to the conditions favorable for the measurement 
of h. For example, a metal like calcium which can be handled only with 

a See Chapter I. Computed from Paschen’s values on N^ aud Ng^, cf. Ann. Phys. 50, 
^ 4 l^ootG and Mohler, J. Opt. Soc. Am., 2—3, pp. 96-9 (1919). 
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difficulty, is of little service in tMs regard. By using the recently 
developed reffiaements in the measurement of critical potentials and by 



employing a method of magnetic dispersion to produce a univelocity 
stream of electrons, high precision in A may be expected with an easily 
controlled vapor such as mercury. 


Appendix I 
Computational Data 
TABLE XLIV 

Values op Nuclear Defect, s„, (Of. Equation 44) 


n 

Sn 

n 

Sn 

1 

0 

14 

6.159 

2 

0.250 

15 

6.764 

3 

0.577 

16 

7.379 

4 

0.957 

17 

7.991 

5 

1.377 

18 

8.624 

6 

1.828 

19 

9.27 

7 

2.305 

20 

9.92 

8 

2.805 

21 

10.57 

9 

3.328 

22 

11.24 

10 

3.863 

23 

11.92 

11 

4.416 

24 

12.60 

12 

4.984 

25 

13.29 

13 

5.565 

26 

13.98 
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TABLE XLV 


Ntjmebical Magnitudes 


h 

6.554 -10-27 

e 

4.774-10-19 

TV 

3.142 

mo 

8.93 -10-28 

h? 

4.295 -10-'’ 


2.279-10-19 

, 

TV- 



9.870 

ms? 

7.97 -10-®® 


2.815 -10-79 


1.08S-10-2S 

TT® 

31.01 

N^hc 

2.157-10-11 


1.845 -10-19® 


5.194 

TT^ 

97.42 

8 Tirino 

6.04 -10-28 

¥ 

1.209 -10-191 

e® 

2.48 -lO-w 


1.772 

e 

mo 

5.34 -1017 
e.s.u./g. 

c 

2.9986-1019 

2 7re2! 

he 

=:a = 7.29 -10-9 

or 

5.31 -lO-® 

Noo 

109737-11 


Volts = F = (X^ measured in Angstroms) 

6 AA 

c^hv 

Volts = V = -~10“S == 1.2345 {v = wave number) 

p = ^ (wave-lengths reduced to vacuo) 

Acm Aa 

y = SlOO V V ^ frequency ~ cv 
Number molecules/gm mol = 6.06 -10^^ 

Number molecules/cm^ at 760 mm and 0° C = 2.705*10^® 

Faraday constant = 96500 ± 10 coulombs 

One 20° cal. = 4.183-107 ergs 

(20° cal./gm mol) ^ 23070 = Volts/molecule 

(Kg cal./gm mol) -f- 23.07 == Volts/molecule 

Ergs — 1.592 -lO'^^ x volts 

Ergs - 1.965 -lO-is,. 

V = 5.088 X ergs -10^® 

Gas constant — R 8.315-107 ergs/deg. C: (referred to mol of gas) 

— 1.985 g cal./deg. C. (referred to mol of gas) 

I^netic energy of translation of av. molecule at 0° C = 5.62 • 10“^ ergs 

Velocity of singly charged ion = 1.389-10® cm/sec. (V — volts, M = mo- 

lecular weight) 

Root mean square velocity = C = 1.579 • 10^ V T/M cm/sec. {T = abs. temp., 
M — mol. wt.) 

Mean free path of electron in gas = l/7rr-?i cm. (r = radius of gas molecule, 
n = number of molecules/cm^) 
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Velocities of Electrons, Ions and Molecules 
(Explanation of Figure 45) 

The relation between the molecular weight, M, a^mole- 

absolute temperature T, aud the root mean square telocty C of a mo 

cule is given by 

C = -^ZRTJM = 1-579- l(h VT/M cm/sec., 

^Arthe'intlcto 

scale (1) to T on scale ^ ; ('IW = 4) at a temperature of 

mem/sec. Enample: ‘'t"“tZ'„e terocS- 1.38.10> em/sec. 

“'il' r.’o tS»£ c?"' CStof- 

^ 

large has been used) . 

The relation between the veloeity of a singly charged ion of mass 
m, and the voltage 7 producing that velocity, is. 

1 ^2,2 = e7 ■ lOVc = e7/300, 
also e/m = f/M, where / = 96500 coulombs = 1 faraday 
of charge. _ ^ ^ ^ y/Y/M cm/sec. 

III. To ohlnin a for a n,n,ly C^ryed i^, 

V lies between 0.1 and 100 volts) ay ^ ^ ,ga^ velocity 

(1) to V on scale (6). At the intersection with scale 10) 

“iy“ Ike ..iccity of an eleCrm “^^n 

V tying Ld'te intersection with scale ® 

Example; A 4.9 volt electron has a velocity, 100 
cm/sec. 

(If the voltage V is greater than f J°’^p'^oceed as in III, 

7 . To obtain v for an %on, ^ multiply the result by 10. 

using 1/100 of the vohage on ^^eremy atom (M ='200), 

Example: The velocity of a ^ 03-10^ == 1.03- 10® cm/sec. 

after falling through 110 volts, is 10 times l.Od 
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VI. To obtain v for an electron, knowing V and M, Lay a straight- 
edge from the electron point on scale (1), to 1/100 of the voltage on 
scale (6). Read the intersection with scale (3) and multiply by 1000. 
Example: A 110 volt electron has a velocity 1000 times 6.2-10® = 6.2- 
10®, change of mass with velocity being left out of account. 

Scales (5) and (6) give directly the wave-length of the quantum 
emitted by an atom when it collides inelastically with a V volt electron. 

The reader will be able to work out many other combinations. The 
principle of the chart is simple. It will be noted that all the scales 
have a similar logarithmic spacing. Scales (1), (2), (4) belong together, 
as do also scales (1), (3), (6), scale (1) doing double service to save space. 
We have, for example: 

log C = log (1.579-10^) + i log r ~ i log M, 

In using the chart as in I, we subtract graphically ^ log M from log T, 
The graphical addition of log (1.579-10^) has been cared for by shifting 
the origin of scale (2) with respect to the origins of (1) and (4). Similar 
remarks hold true for the relation between v, V, and M. 

The chart cannot be applied directly to multiply charged ions, but 
it is easy to read the results for a singly charged ion and to multiply by 
the appropriate factor as found from the formulae given above. 

The authors are indebted to Mr. W. H. Holden for suggesting the 
usefulness of such charts and to Mr. Arthur E. Ruark for preparing this 
particular arrangement. If the reader has occasion to do much rough 
computational work of this character, he will find that the few moments 
spent in studying the principle of this chart will be amply repaid. 
































Appendix II 

Bohr’s Theory of Atomic Structure^ 

The system of electron configurations in non-hydrogen types of atom 
recently proposed by Bohr is a radical departure from the atomic models 
heretofore suggested. As yet none of the mathematical steps in the 
development of the theory have been published, and hence most of the 
following outline will appear purely empirical. 

In reality, however, the new theory is an attempt to avoid arbitrary 
assumptions as to atomic structure. Bohr postulates that the normal 
electron configuration about a nucleus Ze must be such as would result 
by adding Z electrons, one at a time, to the structure, so that each 
electron occupies that orbit which is most stable with respect to the 
nucleus and previously bound electrons. This excludes the possibility 
of either a ring configuration or of groups of electrons in polyhedral 
symmetry. The ring structure appears to require the simultaneous 
binding of all the electrons in the symmetrical group. On the basis 
of the new theory each electron will occupy a separate orbit and will be 
to a large extent independent of other electrons in the same group. 

We can investigate directly only the last stages of the atom building 
as shown in arc and spark spectra. A convenient approach to the 
problem of the earlier steps in the formation of a heavy atom is found in 
a study of successive elements in the periodic table. The stages are 
marked, by the periodic appearance of groups of electron orbits of 
increasing total quantum number, and by the subdivision of each 
group into orbits of different degrees of ellipticity. 

Periods in atom structure correspond to intervals between rare 
gases in the periodic table. Table XLVIII shows the electron distribu- 
tion in these gases and at certain intermediate stages. Table XLIX 
gives the transitions in structure between the stages shown in Table 
XLVIII. The following paragraphs are in explanation of the system 
outlined in the tables. 


iZ. Physik, 9, p. 1 (1922). 
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^ To picture the different shapes of orbits it will be helpful to refer to 
Figure 1, Chapter I, which illustrates possible types of hydrogen orbits 
to quantum number 4. These are, at least to a first approximation, the 
types of orbit appearing in heavier atoms, the essential difference being 
that only one orbit is occupied in this figure while in general as many 
orbits are occupied as there are electrons in the atom. 

First Period. — The theory of the hydrogen atom remains unchanged 
and its line spectra show us the separate steps in the binding of the first 
electron. The final state is a circular orbit of quantum number 1. 
The binding of the first electron in helium or any heavier element is 
similar except that the factor enters into the energy equations. 

TABLE XLVII 


Quantum Number Notation 


Total 

Azimuthal 

Radial 

Bohr 

Shape of 
Orbit 

Quiintum 

Quantum 

Quantum 

Notation 

n 

no. 

nr 

nn^ 

1 

1 

0 

ii 

circle 

2 

2 

0 

22 

circle 

2 

1 

1 


1 ellipse 

3 

3 

0 

33 

circle 

3 

2 

1 

32 

ellipse 

3 

1 

2 

3i 

ellipse 


The introduction of the second electron marks the departure from 
former viewpoints. In the normal atom the two electrons are each in 
one quantum orbits (circles to a first approximation) the planes of 
which make with each other an angle of 120°. (See Chapter III, section 
on helium and Figure 11.) This configuration (I of Table XL^TII) 
remains unchanged for the first two electrons in all heavier elements. 

It is assumed that for any further additions to the atom structure 
one quantum orbits are no longer possible. With groups of higher 
quantum number, we will have the appearance of sub-groups differmg 
in orbital ellipticity. A notation is used by Bohr wMch is more con- 
venient in this connection than specification of azimuth and mcha 
quantum number; viz., total and azimuth numbers, as shown in a e 
XLVII. 
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Second Period, — In normal lithium the third electron is in a two 
quantum elliptical orbit 2i. The binding process is seen in the arc 
spectrum. In the three following elements the additional electrons 
likewise fall in 2i orbits. We must assume that these have a space 
configuration symmetrical with respect to each other and to the two 
orbits of the helium-like sub-structure. 

Additional electrons in nitrogen, oxygen, fluorine and neon fall in 22 
circular orbits. The neon structure (II, Table XLVIII) must be excep- 
tionally stable and symmetrical and represents the configuration of the 
first ten electrons in all heavier elements. 

Third Period. — In the following row of the periodic table 3i and 82 
orbits are added to the neon sub-structure in an order similar to the 
building of the two quantum group in the second period. The binding 
of the eleventh and twelfth electrons gives the line spectra of sodium 
and magnesium. The period is closed with the stable argon structure 
[II. However, the outer structures of argon and heavier rare gases are 
aot completed groups, and, unlike the helium and neon structures, these 
configurations appear in the sub-structure of only a few elements. 

Fourth Period. — Potassium and calcium have 4i orbits, giving them 
properties like sodium and magnesium, but with further increase in the 
auclear charge a new type of transition appears. The 83 orbits become 
nore stable than 4i, so that successive electrons are added to the sub- 
structure III, in an order not yet determined, until the three quantum 
^roup is completed as in IIP. This latter configuration does not occur 
done in any element, but is the sub-structure of the elements copper to 
n'ypton. These have in addition to III', 4i and 42 orbits similar to 
those of the superficial groups in the second and third periods. 

Fijth Period. — This period is built in a manner analogous to that 
cf the fourth. The 5i orbits give to rubidium and strontium the char- 
acteristic properties of the alkalis and alkali earths, respectively, and 
iihen ten electrons are added to the krypton sub-structure IV, producing 
ihe structure IV'. From silver to xenon the eight electrons of the 5i 
md 62 orbits are added to furnish the structure V of xenon. 

Sixth Period. — Beyond caesium and barium there is a more exten- 
sive change in the sub-structure. First the four quantum group is 
jompleted by the addition of fourteen electrons (the rare earths) and then 
:en electrons are added to the five quantum group to complete the 
ub-structure V'. From gold to niton eight electrons in 61 and 62 orbits 
ire added to form a characteristic rare gas structure VI. 

Seventh Period. — After niton another long period is initiated. 


TABLE XLTX 

Transitions in Atom Structure Intermediate between Stages op Table XLVIII 
I Distribution of Outer Electrons 
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roups. Thus for nitrogen the symbols have the following meaning. 

Nitrogen contains outer orbits of quantum number 2i and 22. It consists of sub-structure I (Table XLVIII) and in addition 
four electrons in 2i orbits and one electron in a 22 orbit. 
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Radium 


V. electrons in 7^ orbits. Other transitions cannot 

e specified. The fact that no elements beyond uranium are known is 
explained, not by any property of the electron configuration, but by the 
instability of heavy nuclei, as evidenced by their radio-activity. 

_We will review briefly some of the properties of the new Bohr atoms 
which can be tested by experiment. 

X-ra7j Spectra, — The evident interpretation of the origin of x-ray 
senes on the basis of the above outlined atomic structure is that the 
K, L, M , etc., spectra originate in the groups of orbits of total quantum 
number 1, 2, 3, etc., respectively, and that each series starts with the rare 
gas in which the corresponding group of orbits first appears. This is in 
exact accord with the conclusions based on x-ray data as to total quan- 
tum number and origin of the different series (Chapter IX). Further- 
moie, the Soinmerfeld theory of doublet separations shows that the 
orbits of each group have all the degrees of ellipticity permitted by the 
quantum theory. Thus we have experimental evidence for both the 
existence and order of appearance of the types of orbit postulated by 
Bohr. Table XL VIII gives in the lower rows the x-ray limits corre- 
sponding; to the different sub-groups. 

Superficial Atomic Properties. — The configurations of the last 
bound electrons, shown in Table XLIX, must determine nearly all the 
chemical and physical properties of the elements apart from x-ray 
phenomena. It is seen that the first electrons appearing in each group 
have orbits of azimuth quantum one. It is impossible to foresee what 
the exact form of such an orbit will be, for it is in a field of force which 
dei)arts widely from a Coulomb field. Assuming though that Figure 1 
gives the approximate form and relative size of the orbit, we conclude 
that electrons in these orbits will all penetrate the entire atom structure 
and at perihelion will be close to the nucleus of charge Ze. This is in 
marked contrast to other theories, all of which have assumed that the 
last bound electrons move in a field of approximately imit charge. At 
aphelion the electrons will lie far outside the structure of previously 
bound groups. The tendency of an atom to lose an electron (electro- 
positiveness) will depend on the extension of the outer part of this orbit. 
It will be greatest for the alkali metals and will decrease progressively 
from left to right in each row of the periodic table. The number of 
electrons which may be lost (positive valence) correspondingly increases. 

The second sub-group formed has an azimuth number 2. These 
orbits will not extend beyond previously bound groups and the electrons 
are not readily lost. On the contrary, elements preceding the rare 
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gases, the electro-negative elements, tend to take up electrons to form 
the stable rare gas configuration. The electro-positive or -negative 
properties do not necessarily imply small or large ionization potentials. 
The ionization potential is a measure of the total energy of an orbit; the 
electro-positive or -negative property depends on the extension or degree 
of ellipticity of the orbit as well as upon the energy. These properties 
are in strongest contrast in the second period (Li to Ne) where the two 
sub-groups differ most in shape, and the contrast becomes progressively 



5.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4 2 4.3 4 4 4 5 46 

Log'arithrn 

Fig. 46. Grotrian diagram for sodium on the basis of Bohr's new assignment of 

quantum numbers. 


less in the following periods. Thus in the row starting with silver the 
two types of orbits 5 i and 62 are only slightly different in shape and the 
chemical differences are likewise less pronounced. 

In the long periods where changes occur in the sub-structure and 
not in the superficial groups we have successive elements with very 
similar physical and chemical properties. It is impossible to present 
in this outline a detailed consideration of the correspondence between 
properties of elements and the proposed models. Bohr attempts no 
explanation of the processes of chemical combination or crystal forma- 
tion. 
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TABLE L 

Qttanttjm Numbers of Series Terms 


Series 

Term 

Sommer- 

feld 

Theory 

Bohr Theory 

Li arc 

Na arci 

K arc^ 

Rb arc^ 

Cs arc^ 


na 

Hr 1 

ria 

Ur 

71(1 

Hr 

ria 

Tlr 

7la 

Hr 

ria 

Tlr 

Is... 

1 

0 

1 

1 

1 

2 

1 

3 

1 

4 

1 

5 

2 s 

1 

1 

1 

2 

1 

3 

1 

4 

1 

5 

1 

6 

3 s 

1 

2 

1 

3 

1 

4 

1 

5 

1 

6 

1 

7 

2p 

2 

0 

2 

0 

2 



2 

2 

3 

2 

4 

3p 

2 

1 

2 

1 

2 



3 

2 

4 

2 

5 

4p 

2 

2 

2 

2 

2 



4 

2 

5 

2 

6 

3d 

3 

0 

3 

0 

3 

0 

3 

1 

3 

2 

3 

3 

4d 

3 

1 

3 

1 

3 

1 

3 

2 

3 

3 

3 

4 

5d 

3 

2 

3 

2 

3 

2 

3 

3 

3 

4 

3 

5 

4 6 

4 

0 

4 

0 

4 


4 

0 

4 

1 

4 

2 

5 b 

4 

1 

4 

1 

4 

1 i 

4 

1 

4 

2 

4 

3 

6 6 

4 

2 

4 

2 

4 

2 ' 

4 

2 

4 

3 

4 

4 


1 Similar numbers for Mg arc and spark. 

2 Similar numbers for Cu arc and Ca and Zn arc and spark. 

8 Similar numbers for Ag arc and Sr and Cd arc and spark. 

* Similar numbers for Au arc and Ba and Hg arc and spark. 

Arc and Spark Spectra, — A mathematical computation of the two 
orbits of normal helium and of the stages in the binding of the second 
electron is being worked out by Kramers and Bohr. The solution of 
this very difficult three body problem has, we are assured, already 
reached a stage that justifies the basic assumptions of the theory of non- 
hydrogen types of atom. In heavier elements a rigorous mathematical 
solution of the problem of the binding of the last electron offers difficul- 
ties that are apparently insurmountable. The choice of quantum num- 
bers assigned to the normal state (1 S) by the Bohr theory makes it 
necessary to reject entirely Sommerfeld^s theoretical computation of 
spectral series formulae. Table L indicates the system of quantum 
numbers assigned by Bohr to different series terms of elements in the 
first and second columns of the periodic table. For comparison we 
include in the table the numbers required by the Sommerfeld theory. 
It is noted that the azimuth numbers remain the same in the two theo- 
ries. The inter-orbital transitions involved in arc spectra of sodium on 
the new Bohr hypothesis are shown in Figure 46. This should be 
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compared ■with Figure 9, which is based on the other theory. In Figure 
46 the double p terms and transitions involving combination lines have 
been omitted for the sake of simplicity. By our choice of coordinates 
in these diagrams points and lines remain identical for the two theories, 
but total quantum numbers are entirely different. Hence the expla- 
nation of the features of Figure 9 applies, with the above noted exception, 
to Figure 46, although the mathematical expression for the variable 
term in a series formula would be entirely different. On the Bohr theory 
total quantum numbers characterizing these series will differ for ele- 
ments of the same family, as shown in Table L. 

Though a quantitative test of the Bohr theory of spectra is im- 
possible for heavy elements because of the mathematics involved, yet 
a comparison of the relative magnitudes of different series limits in the 
same element, and of corresponding limits in different elements, offers 
a means of testing many of the assumptions as to the relative stability 
of the different types of orbit. For the elements preceding and following 
the long periods such comparisons are particularly interesting, but the 
subject is too complicated for treatment here. 

Conclusion, — Bohr’s new hypothesis of atomic structure was 
developed primarily from considerations of atomic stability, and is thus 
in marked contrast to other theories which in general postulate arbitrary 
configurations suitable for the explanation of a limited range of physical 
phenomena. It has been seen that in the field of x-ray spectra we find a 
striking confirmation of Bohr’s assumptions as to the types of orbit 
appearing in the inner atom structure. It is only in the assumed space 
configurations of these orbits and in the superficial structure (Table 
XLIX) that the new theory can be open to question. 

A space configuration of electrons is apparently essential for the 
explanation of chemical and physical phenomena other than radiation. 
The coplanar ring model assumed in the past for the mathematical 
computation of spectral frequencies was adopted because of its simplicity 
and was generally looked upon merely as an approximation to actual 
electron configurations. It has been applied with apparent success 
to a wide range of phenomena, notably, the theoretical derivation of the 
Ritz formula and the computation of x-ray frequencies. 

The new Bohr theory apparently rejects this model even as an 
approximation, and the success of the theoretical deductions based on 
ring configurations offers the chief objection to the acceptance of the 
new viewpoint. In estimating the weight of this objection we must 
remember that the different applications of the ring model involve 
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many assumptions which are mutually inconsistent. The new theory 
avoids the artificiality inherent in other models but as a consequence 
it lacks the simplicity required for a direct mathematical test of its 
validity. Thus we can foresee that the quantitative verification of the 
details of this scheme of electron distribution may not be accomplished 
in the near future. At the present writing the entire subject is in the 
most elementary qualitative stage, but we are promised information 
of more quantitative nature from Bohr in subsequent papers. 



INDEX OF SUBJECTS 


Absorption lines, Chapter IV, 78-108. 

, of excited atoms, 93. 

, of ionized atoms, 103. 

, of normal atoms, 78. 

, of subordinate series, 97. 

, relation to critical potentials, 

63. 

Absorption phenomena, see x-rays. 
Affinity for electrons, 177, 179. 

, of excited argon, sodium and mer- 
cury, 106. 

, of excited helium, 105. 

, of hydrogen molecule, 76. 

Aluminum. 

— , K and L limits of, 204. 

— , raics ultimes of, 143. 

— , soft x-rays of, 195, 204. 

Antimony. 

— , raics ultimes of, 144. 

— , resonance and ionization potentials 
of, 66. 

Arc spectra. 111, 119. 

and spark spectra of elements, 

42. 

“, notation on basis of Bohr’s new 

theory, 239. 

of alkalis, 34. 

of heavy atoms, 32-36. 

— of helium, 69. 

— — of hydrogen, 17. 

of metals of Group I, 134. 

— of metals of Group II, 125. 

Arcs. 

— , below ionization potential, 73, 77; 
115, 153. 

— , for determination of critical poten- 
tials, 116. 

— , in nonatomic hydrogen, 77. 

— , in sodium, of high luminous effi- 
ciency, 114. 

— , intensity of emission proportional to 
current, i29. 

— , reversals, 82. 

Argon. 

— , M limit, 212. 

~, negative ion, 106. _ 

— , resonance and ionization potentials 
of, 68. 

Arsenic. 

— , raies ultimes of, 143. 


Arsenic, resonance and ionization po- 
tentials of, 66. 

Aspherieal nucleus, 28. 

Atomic numbers of elements, 231. 
Atomic structure, 15. 

, atoms with many electrons, 30, 31. 

, Bohr’s new theory of, 232-241. 

, hydrogen, 16, 74. 

, ionized helium, 16. 

, normal helium atom, 70. 

Balmer series, 17, 22, 25, 28. 

, absorption of, 97, 98. 

, fine structure of, 25, 28, 37, 59, 76. 

Band spectra, 105. 

, continuous band in iodine, 178. 

, of helium, 106. 

, of mercury chlorides, 185. 

, of nitrogen, 190. 

y, relation to critical potentials, 190. 

Barium. 

— , absorption of enhanced lines, 103. 

— , development of spectrum, 125. 

— , fundamental wave numbers of, 64, 85. 
— , raies ultimes of, 142. 

— , resonance and ionization potentials 
of, 64. 

— , reversal of series IS—mPj 83. 

— , series in, 44. 

— , thermal ionization, 163, 170. 
Beryllium. 

— , resonance and ionization potentials 
of, 64. 

— , soft x-rays of, 195. 

Bismuth. 

— , raies ultimes of, 144. 

— , resonance and ionization potentials 
of, 66. 

Boron. 

— , K limit, 204. 

— , soft x-rays of, 195. 

Broadening of spectral lines, 27, 91. 
Bromine. 

— , critical potential of, 67. 

— , electron affinity of, 179, 182, 186. 

— , heat of dissociation of, 182, 186. 

— , K absorption band, 196. 

Cadmium. 

— , absorption of X 3260 and X 2288 A, 81. 


244 


INDEX OF SUBJECTS 


Cadmium, development of spectrum, 125. 
— , fundamental wave numbers of, 64, 85. 
— , raies ultimes of , 142. ^ 

— , resonance and ionization potentials 
of, 64. 

— , series in, 44. 

— , single line spectrum, 124. 

— , thermal ionization, 163. 

— , two line spectrum, 124. 

Caesium. 

— , absorption lines of, 80. 

— , development of spectrum, 134. 

— , fundamental wave numbers of, 62. 

— , photo-electric effect in vapor, 217. 
— , possibility of higher resonance po- 
tentials, 127. 

— , raies ultimes of, 142. 4 . i 

— , resonance and ionization potentials 

of, 62. . ^rio 

— , reversal of subordinate series ot, 1U». 

— , reversed lines, 82. 

— , series in, 44. .100 

— , single-doublet and arc spectra, 129. 
— , thermal ionization of, 163. 


Calcium. . r 

— , absorption of X 4227 A in furnace 

spectra, 82. 

— , development of spectrum, 125. 

— , flame spectrum, 166. . . . 

— , fundamental wave numbers ot, b4, 84. 
— , in solar spectrum, 171, 172. 

— , in stellar spectra, 174. 

— , raies ultimes of, 142. . , - i 

— , resonance and ionization potentials 

of, 64. • 

— , reversal of enhanced lines, luo. 

— , reversal of series 1 S-mP , 83. 

thermS’ionbation of, 160, 163, 170. 

Carbon. , x j.- 

— , ionization and resonance potentials 
of compounds of, 188. 

—, K limit, 204. 

— , raies ultimes of, 143. 

— , soft x-rays of, 195. 

Chlorine. 

— , critical potentials, of , vj. 

— electron affinity of, 179, 182, 186. 

— , heat of dissociation of, 182, 186. 

— , soft x-rays of, 195. 

Chromium. 

— , in solar spectrum, 172. 

— , raies ultimes of, 144. 

CJobalt. 

— , in solar spectrum, 172. 

— , raies ultimes of, 144. 

Columbium. 

— , raies ultimes of, 143. 

Copper. ^ ^ , 

— , development of spectrum ot, 


. 134 . 


Copper, fundamental wave numbers of, 
62. 

— ionization and resonance potentials 
of, 62. 

— , raies ultimes of, 142. 

— , reversal of X 3248 and X 3275 A, 83. 

— , series in, 44. 

— , soft x-rays of, 195. 

— , thermal ionization of, 163. 

Cumulative ionization, 148-156. 

Data, numerical, 227-231. 

Displacement law for spectra, 42. 
Dissociation. 

— of halogens, 182. 

— of hydrogen, 75, 76. 

Doppler-Fizeau effect, 27, 88, 91. 

e/m, value of, 18. 

Emission lines. Chapter V, 109-147. 

, metals of Group I, 127. 

, metals of Group II, 118. 

, rare gases, 133. 

Energy diagrams. 

, Grotrian diagram; for hydrogen, 

57; sodium, 58, 238. 

, helium, 70. 

, hydrogen, 52. 

, ionized magnesium, 56. 

, magnesium, 54. 

* ^ mercury, 101. 

, sodium, 53, 58. v 

, sodium (Bohr's new theory), 238. 

, tungsten (x-rays), 206. 

, uranium (x-rays), 208. 

Enhanced spectra, 113. {See also Spark 
spectra.) _ 

constants in series formulae, 40. 

of metals of Group I, 134. 

of metals of Group II, 119, 125. 

^ relation between a* and a, 41. 

^ relation between 1 © and 1 S, 124. 

, series notation for, 41. 

Excited atoms, 79, 90, 150. 

, electron affinity of, 105. 

-, life of, 92, 93. . 

, line absorption spectra of, 93—108. 

, produced thermally, 157-176. 

Fine structure, 25, 26, 27. 

, doublets and triplets, 37. 

^ i-doublet separation, 49. 

of Balmer lines, 37. 

of x-ray spectra, 209-213. 

^ relation of I/-doublets to arc 

spectrum of neon, 136. 

Flame spectra, 82, 84, 165. 

, suppression of sodium lines with 

excess of chlorine, 184. 

Fluorescence, 90, 107. 
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Fluorescence, of mercury, 104, 107. 
— of x-radiation, 197. 


Gallium. 

— , raies ultimes of, 143. 

Germanium. 

— , raies ultimes of, 143. 

Gold. 

— , development of spectrum of, 134. 

— , fundamental wave numbers of, 62. 

— , N'-limit, 204. 

, raies ultimes of, 142. 

— , resonance and ionization potentials 
of, 62. 

— , rev(n-sal of X 2428 A, 83. 

— , series in, 44, 83. 

— , thermal ionization of, 163. 

Grating energy, 179. 

of alkali halides, 182. 

— — of ZnS, 183. 


h, determinations of, involving line 
spee.tra, 223-226. 

Helium. 

— , al>sorption of excited atom, 103. 

— , compounds of, 74, 106. 

— , development of spectrum of, 133. 

— , electron affinity of, 105. 

— energy diagram, 70. 

— , fine structure of ionized, 28. 

— , in stellar spectra, 174. 

— , K series, 199. 

■ — , metastahle, 73. 

— , new ultra-violet lines, 77. 

— , ortho- and par-helium, 72. 

— , photo-electric effect in, 222. 

— , resonance and ionization potentials 
of, 68, 73. 

— , resonance radiation of, 90. 

— , series in ionized atom, 17. 

— , series in neutral atom, 69-74. 

• — , structure of ionized atom, 16. 

— the normal atom, 69. 

Hydrogen. 

— , arcs in, 77. 

— , continuous absorption in, 222. 

— , doublet separation, 29. 

— , electron affinity of molecule, 76. 

, energy diagrams, 52, 57. 

— halides, ionization potentials of, 186, 
”1<S8. 

— , in solar spectrum, 171. 

— ", in stellar spectra, 174. 

— , ionization potential of HCN, 188; 

of water vapor, 188. 

— , life of excited atom, 96. 

— , molecule, 74r-77. 

— , ratio of mass of nucleus and atom to 
mass of electron, 18. 


Hydrogen, resonance and ionization po- 
tentials of, 68. 

— , series in, 17, 22. 

— , structure of atom, 16. 

— , sulphide,^ ionization of, 187. 

— , thermal ionization of, 161, 163. 

— , work of dissociation of, 75, 76. 

Impact damping, 92. 

Indium. 

— , raies ultimes of, 143. 

Iodine. 

— , electron affinity, 179, 182, 186. 

— , emission from recombination, 190. 

— , emission spectrum, 178. 

— , heat of dissociation, 182, 186. 

— , resonance and ionization potentials 
of, 67. 

Ionization. {See also Ionization poten- 
tials.) 

— by photo-electric action, 154, 217. 

— by photo-impact, 148. 

— by successive impact, 148. 

Ionization potentials. 

, determination of h, 225. 

, higher, and x-ray limits, 196. 

, of compounds, 179-191. 

, of elements, 60-68. 

Iridium. 

— , raies ultimes of, 144. 

Iron. 

— , in solar spectrum, 172. 

— , raies ultimes of, 144. 

— , soft x-rays, 195. 


Lead. 

— , raies ultimes of, 143. 

— , resonance and ionization potentials 
of, 65. 

Life of excited atoms, 92, 105. 

, measurement of, 93. 

Limits of series. 

arc spectra, 125, 134. 

enhanced spectra, 118, 125, 134. 

significance of x-ray, 209. 

spectral, 45; determining ioniza- 
tion, 61, 111, 112. 

x-rav. 46. 195. 198, 201, 203, 204. 


Lithium. 

— , absorption lines of, 80. 

— , development of spectrum of, 134. 

— , doubly ionized, 16, 42; series in, 44. 
— , flame spectrum, 166. 

— , fundamental wave numbers of, 62. 
— , ionization and resonance potentials 
of, 62. 

— , raies ultimes of, 142. 

— , reversed lines, 82. 

— , thermal excitation of, 168. 

— , thermal ionization of, 163. 



246 


INDEX OF SUBJECTS 


Long lines, 141. 

Lyman series, 17, 25, 59, 75. 

Magnesium. 

— , absorption of enhanced lines, 103. 

— , absorption of X 2852 and X 2026 A, 82. 
— , complete arc spectrum, 121 
— , complete enhanced spectrum, 122. 

— , development of spectrum, 118, 125. 
— , energy diagrams, 54, 56. 

— , fundamental wave numbers of, 64, 84. 
— , in stellar spectra, 174. 

— , raies ultimes of, 142. 

— , resonance and ionization potentials 
of, 64. 

— , series in, 44, 

— , single line spectrum, 118. 

— , single line spectrum of ionized, 122. 
— , soft x-rays, 195, 204. 

— , thermal ionization, 163. 

— , two line spectrum, 121. 

Manganese. 

— , in solar spectrum, 172. 

— , raies ultimes of, 144. 

— , 1 iS and ionization potential, 67. 
Mass. 

^ — , correction for finite, of nucleus, 17. 

— , of hydrogen nucleus, 15. 

— , ratio of, hydrogen nucleus and atom 
to mass of electron, 18. 

Mercury. 

— , absorption coefficient of vapor for 
resonance radiation, 89. 

— , absorption of subordinate series, 99, 
— , absorption of X 1849 and X 2537 A. 

81, 88, 89, 100, 108. 

— , development of spectrum of, 125. 

— , energy diagram, 101. 

— , fluorescence, 104. 

— , fundamental wave numbers of, 64, 85. 
— , higher critical potentials, 137. 

— , ionization potential of HgCb, 188. 

— , metastable form of, 102, 106, 108, 140. 
— , molecule, 106. 

— , raies ultimes of, 143. 

— , resonance and ionization potentials 
of, 64. 

— , resonance potential by probe wire 
measurements, 114. 

— , resonance radiation, 86-89. 

— , series in, 44. 

— , single line spectrum, 124. 

— , thermal ionization, 163. 
Molybdenum. 

— , raies ultimes of, 144. 

— , soft x-rays, 195. 

Neon. 

— , development of spectrum, 136. 


Neon, L series, 200. 

— , resonance and ionization pote 
of, 68. 

Nickel. 

— , in solar spectrum, 172. 

— , raies ultimes of, 144. 

— , soft x-rays, 195. 

Nitrogen. 

— , complex critical potentials, 190 
— , excitation of band spectra, 190. 
— , resonance and ionization pote 
of, 66. 

— , soft x-rays, 195, 

Nuclear defect of a ring of electron 
227. 

Numerical magnitudes, 228. 

Orbits, 15. 

— , application of general quan 
equation, 21. 

— , circular, of hydrogen and io 
helium, 16, 23. 

— , elliptical, 19, 21. 

— , modifications arising in rela 
considerations, 24. 

— , of helium, 70. 

Oxygen. 

— , resonance and ionization, pote 
of, 67. 

— , soft x-rays, 195. 

Palladium. 

— , raies ultimes of, 144. 

Paschen series, 17, 25, 59. 

Periodic table, 30, 231. 

Phosphorus. 

— , raies ultimes of, 143. 

— , resonance and ionization pote 
of, 66. 

— , soft x-rays, 195. 

Photo-electric effect in vapors, 216- 

and ionization, 217. 

in caesium vapor, 217. 

Photo-electric ionization, 148. 
Platinum. 

— , raies ultimes of, 144. 
Potassium. 

— , absorption lines of, 80. 

— , continuous absorption, 221. 

— , development of spectrum of, 13 
— , fundamental wave numbers of, 
— , heat of sublimation of, 182. 

— , ionization and resonance pote 
of, 62. 

— , raies ultimes of, 142. 

— , reversed lines, 82.^ 

— , reversal of subordinate series of 
— , series in, 44. 

— , single line, arc, and enhanced 
tra, 129. 
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Potassium, thermal ionization of, 163. 

— , soft x-rays, 195. 

Quantum numbers, 16. 

definition of azimuthal and radial, 

, determination of, 20. 

, for alkalis, 34. 

, for hydrogen series, 17. 

, of series terms on basis of Bohr’s 

new theory, 239. 

— — , of x-ray limits, 210. 

Quantum theory, 15-50. 

K-adium. 

— , development of spectrum of, 125. 

— , fundamental wave numbers of, 64. 

— , resonance and ionization potentials 
of, 64. 

— , series in, 44. 

Kaies ultimes, 141. 

of the elements (table), 142. 

Relativity, of mass, 24. 

hydrogen doublet, 29. 

L-doublet, 49, 

R,esonance potentials. 

, determination of h, 225. 

, of compounds, 188. 

, of elements, 60-68. 

Resonance radiation, 86, 147. 

Retarded potential, 28. 

Reversed lines, 82. 

Rhodium. 

— , raies ultimes of, 144, 

Ritz equation, 32, 43. 

Rubidium. 

— , absorption lines of, 80. 

— , development of spectrum of, 134. 

, fundamental wave numbers of, 62. 

— , raies ultimes of, 142. 

— , resonance and ionization potentials 
of, 62. 

— , reversal of subordinate series, 108. 

— , reversed lines, 82. 

— , series in, 44. 

— , thermal ionization of, 163. 
Ruthenium. 

— , raies ultimes of, 144. 

Rydberg number, N, iV„, iVn, Nmq, 17, 
‘18, 19. 

, determination of /i, 224. 

Scandium. 

— , in solar spectrum, 172. 

, raies ultimes of, 143. 

Selection, principle of, 26, 28, 35, 72, 86, 
87, 88, 121, 140. 

_ in absorption, 78. 

i# x-rays, 212. 
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Selection, principle of, representation in 
brrotnan diagrams, 59. 

1^ in sodium and potassium. 

Selenium. 

’ ^^d ionization potentials 

of, 67. 

Series. (See x-ravs.) 

absorption, Chapter IV. 

— , emission. Chapter V. 

— , graphic representation of, 51-59. 

— , in alkalis, 34. 

— , in heavy atoms, 32-36. 

— , in helium, 17. 

— , in hydrogen, 17. 

correlated with temperature, 

— , notation and formulae, 43-46. 

, notation on basis of Bohr’s new 
theory, 239. 
reversals, 82. 

Silicon. 

— , raies ultimes of, 143. 

— , soft x-rays, 195. 

Silver. 

— , development of spectrum, 134. 

—, fundamental wave numbers of, 62. 
— , K absorption band, 196. 

— , raies ultimes of, 142. 

— , resonance and ionization potentials 
of, 62. 

— , series in,^ 44. 

— , thermal ionization of, 163. 

Size. 

— of hydrogen nucleus, 15. 

— radius of hydrogen atom, 38. 

Sodium. 

— , absorption of, 79, 

— , continuous absorption of, 219, 220. 
— , . energy diagrams, 53, 58. 

— , development of spectra of, 129, 134. 
— , energy diagram (Bohr's new theory), 
238. 

— , flame spectrum, 166. 

— , fundamental wave numbers of, 62, 87. 
— , in solar spectrum, 171, 172. 

— , ionization and resonance potentials 
of, 62. 

— , metastable ion, 130. 

— , negative ion, 106. 

— , raies ultimes of, 142. 

— , resonance radiation, 86. 

— , reversal of subordinate series, 97, 108. 
— , reversed lines, 82. 

— , series in, 44. 

— , single line spectrum, 129. 

— , soft x-rays, 195, 204. 

— , subordinate series terms of higher 
order, 117. 

— , thermal excitation, 165. 
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Sodium, thermal ionization, 163. 

Solar spectra, 169, 170. 

Spark spectra, 39, 112. 

, alkali earths, 118. 

, helium, 17, 28. 

, notation on basis of Bohr^s new 

theory, 239. 

Spectroscopic analysis, 141. 

Spectroscopic tables, 43. 

Stark effect, 7, 27, 29. 

Stellar. 

— , continuous band absorption in spec- 
tra, 222. 

— spectra, 169, 172, 174, 176. 

— temperatures, 173, 176. 

Stokes’ law, 102. 

Strontium. 

— , absorption of enhanced lines, 103. 

— , development of spectrum, 125. 

— , flame spectrum, 166. 

— , fundamental wave numbers of, 64, 85. 
— , in solar spectrum, 172. 

— , raies ultimes of, 142. 

— , resonance and ionization potentials • 
of, 64. 

— , reversal of series 1 S-mP, 83. 

— , series in, 44. 

— , thermal ionization of, 163, 170. 
Sulphur. 

— , electron affinity of, 179, 183. 

— , heat of dissociation of, 183. 

— , heat of sublimation of, 183. 

— , resonance and ionization potentials 
of, 67. 

— , soft x-rays, 195. 

Tantalum. 

— , raies ultimes of, 143. 

Tellurium. 

— , raies ultimes of, 144. 

— , resonance and ionization potentials 
of, 67. 

Thallium. 

— , absorption of vapor, 83. 

— , excitation of lines of, in mixtures of 
T1 and Hg, 108. 

— , raies ultimes of, 143. 

— , resonance and ionization potentials 
of, 65. 

— , reversals in arc, 83. 

Thermal excitation, 157-176. 
Thermochemical relations, 177-191. 
Thermodynamics of excitation and ioni- 
zation, 157-176. 

Tin. 

— , raies ultimes of, 143. 

Titanium. 

— , in solar spectrum, 172. 

— , raies ultimes of, 143. 

— , soft x-rays, 195. 


Tungsten. 

— , complete x-ray spectra of, 205-207. 
— , energy diagram (x-rays), 206. 

— , raies ultimes of, 144. 

— , soft x-rays, 195. 

Ultra-violet, continuous source of, 81. 
Uranium. 

— , energy levels (x-rays), 208. 

— , K limit, 199. 

Vanadium. 

— , in solar spectrum, 172. 

— , raies ultimes of, 143. 

Velocities of electrons, ions and mole- 
cules, 229. 

Wave number, definition of, 17. 

X-rays, 46-50, 192-215. 

— , absorption limits (table), 204. 

— , absorption phenomena, 196. 

— , combination principle, 204. 

— , critical potentials for excitation, 193. 
— , determination of h, 223. 

— , diagram of K limits, 201. 

— , diagram of L and M limits, 203. 

— , diagram of x-ray limits of elements, 
198. 

— , emission lines, 204. 

— , interpretation by Bohr’s new theory, 
237. 

— , N series, 215. 

— , relation to arc spectrum of neon, 136. 
— , significance of limits, 209. 

— , simple series nomenclature, 47. 

— , spark lines accompanying, 134. 

— , structure of band absorption, 200. 

— , table of soft x-rays, 195. 

— , values of v/U, 48. 

Yttrium. 

— , raies ultimes of, 143. 

Zeeman effect, 7, 29. 

Zinc. 

— , absorption of X 3076 and X 2139 A, 82. 
— , development of spectrum of, 125. 

— , fundamental wave numbers of, 64, 84. 
— , heat of sublimation of, 183. 

— , ionization potentials of ZnCl 2 and 
zinc ethyl, 187, 188. 

— , raies ultimes of, 142. 

— resonance and ionization potentials 
of, 64. 

— , series in, 44. 

— , single line and two line spectra, 124. 
— , thermal ionization of, 163. 

Zirconium. 

— raies ultimes of, 143. % 
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